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Abstract

The nuclear pore complex (NPC) is the selective gateway through which macro-

molecules must pass when entering or exiting the nucleus. It is a cog in the gene

expression pathway, an entrance to the nucleus exploited by viruses, and a highly-

tuned nanoscale filter. The NPC is a large proteinaceous assembly with a central

channel occluded by natively disordered proteins, known as FG-nucleoporins (or

FG-nups). These FG-nups, along with a family of soluble proteins (known as nu-

clear transport receptors, or NTRs), form the selective transport barrier. Although

much is known about the transport cycle and the necessity of NTRs for chaperoning

cargo molecules through the NPC, the mechanism by which NTRs and NTR•cargo

complexes translocate the selective transport barrier is not well understood. How

can intrinsically disordered FG-nups and soluble NTRs form a transport barrier that

is selective, ATP-free, and fast?

In this thesis, high-resolution atomic force microscopy (AFM) and a new, fast force-

spectroscopy technique (PeakForce QNM) are used to provide a structural and

nanomechanical analysis of individual NPCs. This data highlights the structural

diversity and complexity at the nuclear envelope, showing the interplay between the

lamina network, actin filaments, and the NPCs. It reveals the dynamic behaviour

of NPC scaffolds and displays pores of varying sizes. Of functional importance, the

NPC central channel shows large structural diversity (in both its mechanical proper-

ties and topography), supporting the notion that FG-nup cohesiveness is in a range

that facilitates collective rearrangements at little energetic cost. Furthermore, var-

ious NTRs are shown to interact in qualitatively different ways with the FG-nups,

with particularly strong binding of importin-β.

Next, a method for analysing the dynamics of reconstituted FG-nups inside mimetic

NPCs is presented — with the results highlighting the surprisingly slow time-scale

for collective rearrangement of FG-nup morphologies in the pore geometry. When

this analysis is applied to the real NPC, however, no dynamic movement of FG-

nups is detected. Finally, preliminary results from AFM imaging experiments of

large cargoes (in this case, the hepatitis B virus capsid) translocating the NPC, are

presented.

This thesis supports the notion that FG-nup cohesiveness is tuned such that the

energetics of stable FG-nup morphologies lie near transition states, thereby allowing

the collective rearrangement of FG-nups at little energetic cost. Furthermore, it

suggests that NTRs with several FG-nup binding sites (such as importin-β) are an

intrinsic component of the transport barrier.
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Impact statement

It remains a fundamental problem in cell biology to understand how the nuclear

pore complex (NPC) manages to selectively filter a wide range of macromolecules

(from proteins and RNAs as small as ∼5 nm in diameter to virus capsids as large

as ∼36 nm), at a fast rate, with traffic moving in both directions simultaneously.

The research presented in this thesis aids other scientists working on this ques-

tion. Structural biologists elucidating the architecture of the NPC often omit the

NPC’s central channel from their reconstructions due to its intrinsically disordered

nature. This, however, is the functionally most important part of the NPC. The

high-resolution atomic force microscopy (AFM) images, presented in this thesis (and

now also published elsewhere1), give information on the structures that form within

the channel — structures that are unique to each pore; whilst functional assays pro-

vide further information on how soluble proteins (nuclear transport receptors) may

modulate these structures. Together, this incrementally improves our understanding

of the NPC’s filtering mechanism — vital to the functioning of all eukaryotic cells

(including our own).

Furthermore, a new, fast nanomechanical AFM imaging mode (PeakForce QNM)

has been quantitatively validated; and a method has been presented for checking if

AFM data — recorded on fluctuating systems — is significant when compared to the

background experimental noise. These works should aid other atomic force micro-

scopists studying biological systems in solution, and help microscope manufacturers

to provide better established measurement protocols with their instruments.

In looking further to the future, and assuming that the filtering mechanism of the

NPC will eventually be completely elucidated, other benefits are envisaged. It should

be possible to fabricate synthetic, nanoscale filters — inspired by the NPC’s filtering

mechanism — that are more selective for macromolecules than anything currently

in existence. This could be used, for example, by other biologists needing to select

one given molecule from a cell. Furthermore, synthetic molecules could be designed

to chaperone therapeutics through the NPC, thus improving the efficiency of drug

delivery into the nucleus.

1G. J. Stanley, A. Fassati, and B. W. Hoogenboom, “Atomic force microscopy reveals structural
variability amongst nuclear pore complexes”, Life Science Alliance, vol. 1, no. 4, p. e201800142,
2018.
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Chapter 1

Introduction

It should be noted that the following introduction, reprinted here in slightly modified

form, has been published as a review (G. J. Stanley, A. Fassati, and B. W. Hoogen-

boom, “Biomechanics of the transport barrier in the nuclear pore complex”, Semi-

nars in Cell and Developmental Biology, 2017. DOI: 10.1016/j.semcdb.2017.05.007.

[1]).

1.1 Structure of the NPC

The nuclear pore complex (NPC) is a selective gateway for all macromolecules enter-

ing or exiting the nucleus. Small molecules can passively diffuse through the NPC

(diameter .5 nm), but larger molecules must bind to small chaperone proteins,

called nuclear transport receptors (NTRs), in order to translocate the NPC.

The NPC is a supramolecular, proteinaceous assembly, comprised of ∼30 different

nuclear pore proteins (hereby termed nucleoporins, or nups), which assemble to form

a pore across the nuclear envelope (NE) [2]. Each nucleoporin is present in many

copies, to give a total of∼1000 nups, with a combined mass of∼60-125 MDa per pore

[2–4]. The NPC has an eight-fold rotational symmetry around its central axis. At the

cytoplasmic face of the NPC, eight filaments protrude into the cytoplasm; and at the

nucleoplasmic face, a basket structure, also attached by protein filaments, extends

into the nucleoplasm [5]. The NPC is modular: structural nucleoporins interact to

form larger nup-subcomplexes, which in turn form the scaffold of the NPC. The

structural scaffold of the NPC is made of three distinct rings: the cytoplasmic

ring complex (CRC), the nucleoplasmic ring complex (NRC), and the inner ring

14



15

complex (IRC) [4, 6–15]. Both the CRC and the NRC are themselves made from

two reticulated ring structures, comprised of 16 copies of the Y-shaped Nup107

subcomplex (in the case of the human NPC, Nup107 is formed from 10 nucleoporins

[4]) [16]. These reticulated ring structures are then interlaced with other nups,

and nup-subcomplexes, conferring structural heterogeneity between the CRC and

the NRC. The IRC, although comprised of different nup-subcomplexes (Nup93 and

Nup62 [17, 18]), has a remarkably similar morphology to the CRC and NRC [12,

13]. The Nup93 and Nup62 subcomplexes form Y-shaped assemblies — akin to the

Nup107 subcomplex — which intercalate to form a ring. The IRC then connects

with the two outer rings (the CRC and NRC) via Nup155: a component of the

Nup93 subcomplex [12,13].

Of the ∼30 nucleoporins that form the NPC, only about half of these are structural:

forming the Y-shaped subcomplexes and other nup-subcomplexes intercalated into

the outer and inner rings [12,13]. Anchored to the inner-wall of the central channel

of the NPC are many unstructured and intrinsically disordered nucleoporins. These

disordered nups contain hydrophobic sequences rich in phenylalanine-glycine (FG)

repeats (hereby termed FG-nups: this term incorporates all hydrophobic sequences

— such as FG, FxFG, and GLFG, amongst others — found in the disordered nups

[19]). These are further discussed in section 1.2. From their anchoring sites at the

inner-wall of the NPC, the FG-nups emanate into the central channel and form the

selective barrier to transport (see Figure 1.1 for a schematic of the NPC).

Although the nucleoporins between species can be very divergent (e.g., between the

structurally integral Nup107 subcomplex in yeast and humans [4, 20]), the overall

architecture is conserved across all metazoans [21–24]. However, even with high-

resolution data obtained for the scaffold structures of yeast, human, and Xenopus

laevis NPCs [4, 11, 12, 14, 25], the disordered nature of the FG-nups in the central

channel means they have eluded the various structure-determination methods that

depend on averaging techniques. In order to understand what morphology these

FG-nups assume in the NPC, and how they can form a selective barrier to nucleo-

cytoplasmic transport, other methods are required.

1.2 Intrinsically disordered FG-nups

The morphology of FG-nups in the central channel is of great importance for un-

derstanding the mechanism of selective transport through the NPC, and as such,

has been a topic of debate for many years [26–32]. The FG-nups occluding the
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central transport channel of the NPC are natively disordered [19, 33, 34]. As men-

tioned above, they contain repeating sequences of hydrophobic amino acids (such

as FG, FxFG, FxFx, PSFG, and GLFG [19]), through which they can interact

with one another, affording them a certain cohesiveness [35] — with more cohesive

FG-nups forming more compact morphologies, and less cohesive FG-nups forming

more extended morphologies [29, 35]. However, the conformation of FG-nups is not

solely dependent upon the hydrophobic interactions between FG-domains. Repul-

sive, charged amino acids in the spacer regions of the FG-domains can counteract the

cohesive interactions of the hydrophobic sequences [29]. A higher ratio of charged

amino acids in the FG-domain decreases cohesion and leads to protein extension;

whilst a lower ratio of charged to hydrophobic amino acids affords increased co-

hesion, and greater FG-nup compaction. It is probable that this heterogeneity in

cohesion, compaction, and extension between the different FG-nups is used to nu-

ance the NPC function along its axis of transport. For example, the glycosylated

human Nup98, which is sufficiently cohesive to form hydrogels in vitro, and is found

anchored to the inner ring of the NPC [17], may, in the confines of the cylindrical

pore geometry, interact with FG-nups with diametrically opposed anchoring sites to

form a size-excluding meshwork — thus creating a selectivity barrier to transport.

The human Nup153 however, located nearer the nuclear periphery [17], may, as

well as comprising part of the transport barrier, act as a nucleation site for proteins

required for the active transport of macromolecules [36]. However, the impact of FG-

nup heterogeneity on the global morphology of FG-nups in the selective transport

barrier deep inside the central channel is not well understood.

1.3 Nucleocytoplasmic transport

Although the NPC is the gateway through which macromolecules must pass during

nucleocytoplasmic transport, it is not the sole participant in the filtering process.

The translocation of large molecules (diameter &5nm, or mass &40 kDa) is facili-

tated by complexation with other smaller proteins, called nuclear transport receptors

(NTRs — also termed karyopherins, importins, exportins, and transportins). NTRs

recognise and bind specific sequences of basic amino acids on the cargo proteins.

These sequences are called nuclear localisation sequences (NLSs; for import) or nu-

clear export sequences (NESs; for export). Once bound, the affinity of the NTRs

for the FG-nups in the NPC enables transport of the NTR•cargo complexes, via a

mechanism that is not yet fully understood.

Furthermore, in this system a bias is required to ensure that once an NTR•cargo
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complex has completed a transport event, it does not (at least on average) re-enter

the NPC and reverse its journey. This is accomplished by the Ran system. At the

end of an import event, a RanGTP molecule binds to the NTR of an NTR•cargo

complex, inducing a conformational change and displacing the cargo molecule, thus

releasing both the cargo molecule and the newly formed RanGTP•NTR complex

into the nucleoplasm. This displacement reaction probably takes place at Nup50 at

the nucleoplasmic periphery (possibly with the aid of another NTR co-factor known

as CAS) [37]. The RanGTP•NTR complex can then either return to the cytoplasm

through the NPC, or bind to the nuclear export sequence of another cargo molecule,

to facilitate its exit from the nucleus. Once in the cytoplasm, GTP hydrolysis of

Ran by RanGAP and RanBP1 frees the cargo molecule and the NTR, leaving the

hydrolysed RanGDP. This RanGDP:RanGTP gradient — with more RanGDP in

the cytoplasm and more RanGTP in the nucleoplasm — is maintained by the nuclear

RanGTPase, RCC1, and is integral for maintaining directionality of transport across

the NPC [38].

1.4 Nuclear transport receptors

The majority of NTRs belong to a family of proteins with approximately 20 members

that share similar properties with the prototype importin-β (termed Impβ): i.e.,

they contain several HEAT-repeat sequences (antiparallel α-helical domains), they

can bind to RanGTP at the N-terminus, they are hydrophobic, and they exhibit

an affinity for the FG-nups [39]. Impβ is a ∼100 kDa protein with ∼19 HEAT-

repeat sequences that can interact with cargo molecules [40]. It has approximately 9

different FxFG binding sites: hydrophobic pockets that interact with the FG-nups1

[41]. Further to the Impβ-like proteins, there exists another class of significantly

smaller NTRs composed predominantly of β-sheets. These NTRs are similar to the

nuclear transport factor 2 (NTF2): a smaller homo-dimer (∼29 kDa) with only two

FxFG binding sites that is known to bind RanGDP [42–44].

Although the role of NTRs in the import and export cycles is quite well understood,

exactly how they facilitate the passage of cargoes through the FG-nups is not. NTRs,

such as Impβ, have an affinity for the FG-nups. Experimental results suggest that

transient, multivalent interactions occur between the FxFG binding sites and the

FG-nups, with very fast binding and unbinding kinetics, perhaps explaining how

1These 9 FxFG binding sites have been determined from a combination of experiment and
computational modelling — in reality, it is possible there are many more sites, perhaps 1 for each
HEAT-repeat sequence.
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NTRs can favour cargo molecules over inert cytosolic proteins, whilst maintaining

a high rate of transport through the NPC (>100 transport events per second per

NPC) [34, 45]. At physiological concentrations (∼10 µM [46]), it is probable that

Impβ is incorporated into the FG-nup meshwork inside the central conduit of the

NPC [47]; and without Impβ, passive diffusion has been observed to increase [36].

This raises the question if — beyond their role in facilitating transport — NTRs are

also essential for the barrier function of the NPC [48–50].

1.5 Probing the NPC with atomic force microscopy

The scaffold ring structures of the NPC have been quite well characterised by a

variety of techniques [4, 8, 11, 13–15, 25, 52–54]. However, the FG-nups, comprising

the central transport barrier of the NPC, are largely disordered in nature and are

therefore not very amenable to crystallographic or averaging methods. As a result,

the morphology and workings of the FG-nups in the central transport barrier have

not been elucidated, and there is scope for experimental methods that are com-

plementary to conventional structural methods, such as X-ray crystallography and

(cryo-) electron microscopy. One such technique is atomic force microscopy (AFM).

AFM is a surface technique that can build up an image by raster-scanning a sharp

probe over a sample, line-by-line. As the AFM tip passes over the sample, it traces

the sample contours, giving a topographical map of the material (see Figure 1.1),

while monitoring the force between the tip and the sample via the deflection of the

flexible cantilever upon which the tip is mounted. It can be done in aqueous solution,

and does not require any chemical tagging or fixation (although fixation can help

to immobilise samples — see Figure 1.1B). Over the years, this technique has been

used to image the nuclear envelope of Xenopus laevis oocytes, both in air and in

aqueous solution [55–68]. Further developments in AFM have enabled imaging at

increasing spatial and temporal resolutions. Recently, this has led to the observation

of time-dependent fluctuations of FG-nups, offering a glimpse of their dynamics at

the cytoplasmic periphery of NPCs in aqueous solution [69]. At present, it is unclear

as to what extent such observations can be extrapolated to the dynamics of FG-nups

throughout the entire transport barrier. The barrier depth, in the case of NPCs in

Xenopus laevis oocytes, is ∼50-60 nm, compared to the sub-nanometre height scale

at which dynamics were observed by AFM imaging [69]. Therefore, for a greater

understanding of the FG-nups’ morphology and role in transport, information from

below the surface is required.
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Figure 1.1: Imaging the nuclear pore complex. (A) Schematic of an AFM
probe scanning line-by-line over the cytoplasmic face of an NPC (not to scale). The
dashed-black line shows the path followed by the probe; at each pixel, the AFM
tip indents ∼20 nm underneath the top surface of the NPC. High-aspect-ratio,
supersharp silicon tips (radius ∼2 nm) enable probing inside the central channel.
Imaging is done in aqueous solution. (B) AFM image of the cytoplasmic side of the
NPC in liquid with glutaraldehyde fixation, representing the eightfold symmetry of
the NPC. (C) AFM image in liquid without glutaraldehyde fixation, demonstrating
rotational symmetry at this spatial resolution. The NPC at the bottom displays
density in the pore lumen. (D) Correlative scanning electron microscopy (SEM)
and direct stochastic optical reconstruction microscopy (dSTORM; i.e., correlative
SEM-dSTORM) with labelling of the luminal side of the transmembrane protein
gp210. Image adapted from [51]. This figure was prepared with the help of Adrian
Hodel. Colour scale: 45 nm (B and C).

Further to building an image, at every pixel, AFM can also mechanically indent

below the top surface of the material, and the force response of the cantilever can

be measured accordingly (see Figure 1.2A). This produces a force-distance curve
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Figure 1.2: Nanomechanical mapping of the NPC. (A) Schematic showing an
AFM tip probing inside the central transport channel of the NPC (not to scale). (B)
The force curve (black) obtained after averaging (here: n = 9) force curves recorded
in the central channel of an NPC. Grey circles indicate the non-averaged data points.
(C) Stiffness curve as obtained by a numerical derivative of the force curve in (B).
(D) The stiffness cross-section of the cytoplasmic face of the NPC, overlaid on an EM
reconstruction (adapted from [11]). Force curves are collected and averaged based
on their radial position with respect to the central axis of rotation of the NPC.
This symmetrises the NPC, and renders a profile representation. Red represents a
greater stiffness response from the material, and yellow a smaller stiffness response.
Stiffness cross-section adapted from ref. [31].

(or force curve) at every pixel, which provides information on the nanomechanical

properties of the material being indented (see Figure 1.2B). Therefore, using this

technique, the elasticity and stiffness of the FG-nups can be measured, giving infor-

mation on their morphology over more than ∼20 nm below the top surface of the

transport barrier inside the NPC (see Figure 1.2C and D) [31]. Are they interacting

strongly as an ensemble to create a dense, hydrogel material? Are they interacting

weakly and acting as predominantly entropic polymer brushes, thus occupying a

larger but less dense volume? Or, are they somewhere in-between? Force curves can

be collected, and thus nanomechanical properties recorded, at different locations

with respect to the NPC scaffold structure. Analogous to procedures employed in
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electron microscopy, such data can be symmetrised by making use of the rotational

symmetry of the NPC (limited, of course, by the spatial resolution within each ex-

periment), and averaged for data collected over many NPCs. The resultant averages

can be visualised by plotting stiffness cross-sections, which represent the force gra-

dient experienced by the AFM tip as a function of vertical and radial position inside

the NPC (see Figure 1.2D). Such stiffness cross-sections are in good agreement with

the NPC reconstructions as determined by cryo-electron microscopy [10], with the

note that such reconstructions typically mask the very centre of the pore to facilitate

the averaging process, and that they are less reliable in capturing disordered protein

arrangements.

1.6 Hypotheses for the mechanisms of transport

The precise role played by FG-nups and NTRs in the transport of cargoes is not

easy to resolve. NTRs are known to have an affinity for FG-nups, NLSs, and NESs,

and to promote the passage of cargoes; but the precise morphology of FG-nups is

not known. It is also apparent that the rate of nucleocytoplasmic transport is very

fast: it has been estimated that a mass of nearly 100 MDa translocates a single NPC

every second [70]. However, one can imagine that if the binding interaction between

NTRs and FG-nups is too strong, the rate of transport will be slow; but that if it is

too weak, cargo molecules will not be sufficiently favoured over inert proteins. How

is it that transport through the NPC can be both fast and selective?

This debate has manifested itself through various streams of thought, which may be

positioned on a scale that ranges between two extremes: one, in which the FG-nups

are assumed to be cohesive to the extent of forming a hydrogel, or a size-selective

meshwork; and the other, in which the FG-nups are not cohesive, but instead form

a predominantly entropic barrier to transport, due to the reduction in configura-

tional freedom (and thus in entropy) experienced by FG-nups upon interaction with

cargo molecules. The selective phase model, for example, assumes that FG-nups

are cohesive enough to form a hydrogel or a cross-linked meshwork, with a mesh

size that allows passive diffusion of small molecules (/5 nm in diameter) but ex-

cludes larger, inert molecules. NTRs can then interact with the FG-nups to ‘melt’

through the meshwork (i.e., break FG-nup•FG-nup interactions), shuttling bound

cargo molecules [27, 70–75]. On the other hand, the virtual gate model assumes a

lesser degree of cohesion between the FG-nups. In this scenario, the FG-nups act

as polymer brushes that exert entropic forces against compression, which provides

a barrier to inert molecules. Stochastic binding events between NTRs and FG-nups



22

then enable the passage of NTR•cargo complexes through the NPC [32, 34, 76–78].

Similarly, the reduction-of-dimensionality mechanism assumes that FG-nups are not

sufficiently cohesive to form a meshwork across the entire diameter of the pore. In-

stead, a wall of hydrophobic, dynamic FG-nups covers the inner walls of the NPC,

leaving a small central channel un-occluded in the centre of the pore to allow passive

diffusion. NTR•cargo complexes then bind to the hydrophobic wall of FG-nups, and

conduct a 2D, or nearly 1D random walk to pass through the NPC [28,30,79]. The

forest model suggests that more charged, less cohesive domains cause FG-nups to

extend from the NPC scaffold towards the central axis, acting as entropic polymer

brushes. This extension positions the more cohesive domains of FG-nups towards the

NPC centre, where they can form a hydrogel. This leaves various possible routes of

transport for NTR•cargo complexes [11, 29]. The list of proposed mechanisms goes

on [49,80,81].

Although some studies still suggest that the selection of passage through the NPC

is dominated solely by entropic effects (i.e., it is the entropic penalty to polymer

compression that inhibits the passage of inert molecules) [32,34], other recent studies

indicate that it is a balance of both entropic repulsion and FG-nup cohesion that

provide the selective barrier to transport — not entropic repulsion alone [47,82]. In

other words, it is with a mixture of both an inherent entropic penalty to polymer

compression and transient FG-nup•FG-nup interactions (FG-nup cohesion) that the

FG-nups form a selective transport barrier. Only NTRs and NTR•cargo complexes,

which have an affinity for the FG-nups, pass the barrier.

1.7 Polymer mechanics of FG-nups grafted in the

planar geometry

Due to the difficulty of probing FG-nups in the cylindrical geometry (whether in

intact NPCs or biomimetic nanopores), several experiments have been performed

on FG-nups tethered to a planar surface, thereby making them more amenable

to surface techniques. By performing these experiments, several questions can be

addressed: Do the FG-nups extend away from the substrate and into solution (i.e., do

they act as predominantly entropic and steric polymer brushes), or do they collapse

towards the substrate (i.e., forming a strongly cohesive and therefore condensed

polymer brush with properties approaching those of a hydrogel)? Does the FG-

nup film swell or collapse upon addition of NTRs? And, is the observed behaviour

dependent upon parameters such as grafting density (i.e., the concentration of FG-
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nups inside the NPC), FG-nup cohesiveness, NTR•FG-nup binding avidity, and

NTR size and concentration?

Initial experiments in this area gave conflicting results. A study by Lim et al.

(2007) [80], using the FxFG-rich domain of human Nup153 — found at the nuclear

periphery of the NPC [17] — reported that the FG-nups form an entropic polymer

brush. Upon addition of mammalian Impβ, at concentrations several orders of mag-

nitude below that of physiological concentrations, the film was observed to collapse

dramatically towards the substrate [80]. However, a similar study by Eisele et al.

(2010) did not show any sign of a collapse [83]. In this instance, the FxFG-domain

of the yeast FG-nup, Nsp1p — found both in the central channel and at the nuclear

periphery of the NPC [84, 85] — was tethered to a supported lipid bilayer (SLB).

Upon addition of low concentrations of yeast Impβ (∼1 µM), hardly any change

was observed in film thickness; but upon addition of physiologically relevant con-

centrations of Impβ (∼10 µM [46]), the FG-domain was observed to swell by a few

nanometres from its original film thickness of tens of nanometres.

The contradiction between these studies highlights the importance of parameters

such as FG-nup grafting density, FG-nup cohesiveness, NTR•FG-nup binding avid-

ity, and NTR concentration. The extension of any given FG-nup away from a

substrate is not an intrinsic property of the protein, but is dependent upon all these

parameters [82]. The human Nup153 is likely less cohesive than the yeast Nsp1. Fur-

thermore, in the experiments mentioned above, the grafting density of Nup153 was

far lower than that of Nsp1p; the binding avidity of Nup153 to mammalian Impβ

could be as much as an order of magnitude stronger than that of Nsp1 to yeast

Impβ [86,87]; and the concentration of mammalian Impβ added to Nup153 was far

less than the concentration of yeast Impβ added to Nsp1p. Further complications

may arise from differences in the underlying substrate and its passivation.

Indeed, without considering the contribution made by the NTRs, but instead prob-

ing the FG-domain films as a function of FG-nup cohesiveness and grafting density,

the behaviour of the proteins can begin to be elucidated [35]. In a study by Eisele

et al. (2013), three different FG-domain films, each with varying degrees of cohe-

siveness, were tethered to a supported lipid bilayer: the very cohesive O-GlcNAc

modified Nup98 from Xenopus tropicalis, “Nup98-glyco”; the slightly less cohesive

Nsp1-WT from Saccharomyces cerevisiae; and the relatively non-cohesive Nsp1-

FILV→S mutant [35]. It was observed that the binding kinetics of the FG-domains

to the supported lipid bilayer substrate depended on surface occupancy, but more

importantly on FG-domain cohesiveness. The very cohesive Nup98-glyco exhibited

fast binding kinetics up to a surface coverage (Γ) of 10 pmol/cm2, the less cohesive
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Nsp1-WT exhibited an appreciable decrease in binding rate after Γ=6 pmol/cm2,

and for the non-cohesive Nsp1-FILV→S mutant, the surface coverage plateaued at

∼5 pmol/cm2 [35]. These results can be understood in terms of FG-domain in-

teraction strength. For the more cohesive FG-nups, the entropic penalty incurred

from a higher grafting density is compensated by the stronger FG-domain inter-

actions; but for the less cohesive FG-nups, the entropic penalty of a high grafting

density is too high, and cannot be compensated by the weaker FG-domain interac-

tions. Furthermore, the self-assembled FG-domain morphology is dependent upon

the grafting density. AFM imaging revealed homogeneous hydrogels for the cohesive

Nup98-glyco at grafting densities of ∼9 pmol/cm2, but at 4 pmol/cm2 a heteroge-

neous surface was observed, suggesting disruption to the FG-domain morphology,

and regions of partial collapse [35].

However, it is important not to interpret these results through the binary lens of

either a hydrogel or a polymer brush. As Eisele et al. (2013) comment in their work,

by defining the term hydrogel as a “nonfluid polymer network that is expanded

throughout its whole volume by aqueous solvent”, it can be imagined that there is a

sliding scale from entropic-brush to gel-like morphologies of FG-nups [35]. The FG-

nups can exhibit the behaviour of cohesive polymers, forming strong, non-transient

cross-links, and a stable nonfluid hydrogel; they can be less cohesive polymers,

forming weaker, transient cross-links, creating a less-dense fluid hydrogel; or, if they

are non-cohesive or even repulsive polymers, they can sample lateral as well as

extended states, forming a polymer brush that is dominated by entropic and steric

interactions, but perhaps still experiencing interpenetration, therefore forming a

voluminous, larger meshwork. Indeed, FRAP results gave further evidence to this

idea [35]. By watching the lateral diffusion of the three different FG-domain films

tethered to a fluid SLB, it was observed that the very cohesive Nup98-glyco showed

very little lateral diffusion; a slow but significant rate of diffusion was observed for

the less cohesive Nsp1-WT in the same time-frame; and very quick diffusion was

observed for the non-cohesive Nsp1-FILV→S. The varying levels of cohesiveness

were forming morphologies with different degrees of interpenetration: ranging from

stable, nonfluid hydrogels (Nup98-glyco), to mobile, fluid polymer brushes (Nsp1-

FILV→S), with Nsp1-WT somewhere in the middle.

More recently, models based upon polymer physics have begun to more quantita-

tively elucidate the behaviour of FG-domain films on planar surfaces, converging

on the idea that their morphology is probably the result of a finely balanced sys-

tem exhibiting significant contributions from both FG-nup•FG-nup cohesion and

entropic repulsion [47, 82]. A study by Zahn et al. (2016), monitoring the bind-

ing kinetics of the Homo sapiens NTF2 with three different FG-domains — Nsp1
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from Sacchromyces cerevisiae, Nup98-glyco from Xenopus tropicalis, and a synthetic

polypeptide with regular FSFG repeat domains; as well as Sacchromyces cerevisiae

Importin-β with Nsp1 — has shown that remarkably similar binding kinetics are

observed for different NTRs with different FG-domains [47]. For both NTRs, and

for all FG-domains, a similar shape to the binding isotherms was observed: al-

ways exhibiting fast initial binding kinetics, followed by negative cooperativity in

the physiologically relevant concentration range (phenomena also experimentally

observed in other studies [49, 50, 81]). Similarly, another model developed by Vovk

et al. (2016), also based upon polymer physics, has arrived at a qualitatively simi-

lar result, namely, that the cohesiveness of the FG-nups is tuned to be somewhere

in-between the ideal non-cohesive polymer brush morphology, and the cohesive, non-

fluid, hydrogel [82]. Using the experimental data from Kapinos et al. (2014) and

Wagner et al. (2015) [49, 50], for Nup62, Nup98, Nup153, and Nsp1 tethered to a

planar surface, the morphology of all the FG-nups was found to be in-between the

two extreme regimes (polymer brush and hydrogel) [82]. This raises the question:

Is heterogeneity in FG-nups and in NTRs important to the transport barrier of

the NPC, or do more generic principles govern the rate and selectivity of transport

through the NPC?

Without considering the heterogeneity between the FG-nups, and only considering

two parameters — the FG-nup cohesiveness and NTR•FG-nup binding avidity —

the model developed by Zahn et al. (2016), accurately reproduced the experimental

results [47]. It is therefore possible that general biophysical principles determine

transport through the NPC. Whilst it is true that heterogeneity in the FG-nups

may nuance their function along the axis of transport, it may only be of minor

importance for the FG-nups forming the selective transport barrier deep inside the

central channel. For these FG-nups, it is conceivable that the overall balance be-

tween cohesive and repulsive FG-domains, and the strength of NTR•FG-nup binding

avidities, dictates their function. If one imagines both the cohesive properties of the

FG-nups and the NTR•FG-nup binding avidities as averaged-out properties, the

mechanism of selective and fast transport can be reasoned. The FG-nup cohesive-

ness is tuned to be great enough to create a size-excluding meshwork (thus excluding

large, inert proteins), but weak enough so that it can be interpenetrated by NTRs;

whilst the NTR•FG-nup binding avidity is tuned to be strong enough to displace

FG-nup•FG-nup interactions, but weak enough to have fast unbinding kinetics, and

maintain fast rates of transport through the NPC. The selectivity of the NPC can

also be explained. As shown by the modelling work [47], a small decrease in the

NTR•FG-nup binding avidity engenders a drastic drop in binding kinetics, thus

excluding inert proteins which have a weak affinity for the FG-nups.
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1.8 Probing the FG-nups of intact NPCs

As outlined above, it is difficult to directly probe the FG-nups of intact NPCs.

The diameter of the NPC transport channel is ∼40 nm, with many of the FG-nups

located deep inside the lumen (that is, the central channel) [11]; in addition, the

nucleoplasmic face of the NPC is occluded by the nuclear basket, meaning it cannot

be probed by surface techniques. However, by using AFM with a supersharp, high-

aspect-ratio silicon probe, with a tip radius of ∼2 nm, the FG-nups can be accessed

via the cytoplasmic face of the NPC. Furthermore, by indenting below the top

surface of the FG-nups (over a depth >20 nm) and recording the force response of

the cantilever (as explained in section 1.5), conclusions can be drawn about the type

of material being probed [31]. For example, is the material acting as a hydrogel, or

as a polymer brush? Or is it somewhere in-between?

Figures 1.3A and B show schematics of the FG-nups in the idealised polymer brush

and dense hydrogel morphologies, respectively. Also shown are the stiffness curves as

qualitatively predicted to be rendered if the FG-nups assumed either of these extreme

morphologies (Figure 1.3C and D); the (quantitative) stiffness curves calculated

from polymer physics (classical density functional theory, hereby termed DFT) for

conformations at the crossover between the two extremes (Figure 1.3E and F) [88,89];

and the stiffness curve experimentally obtained from the central transport channel of

the NPC in aqueous solution (Figure 1.3G). The experimental curve demonstrates

a far greater stiffness than is predicted for the predominantly entropic polymer

brush scenario, and shows a general shape more similar to that calculated for the

hydrogel morphology. These results suggest that the cohesion of the FG-nups is

strong enough to form some sort of clump, or condensate of FG-nups in the centre

of the NPC transport channel, albeit only marginally so (which would make sense, as

the condensate would need to be dissolved to facilitate transport of larger cargoes).

Modelling work suggests that, in the cylindrical geometry, this centrally condensed

morphology of polymers becomes increasingly more likely as the cohesiveness of the

FG-nups increases [88,90].

However, in native NPCs, it must be considered that NTRs may form an intrinsic

component of the transport barrier (as discussed in section 1.4). Indeed, experiments

of NTRs binding to FG-nup planar films (at relevant polymer grafting densities and

physiological concentrations of NTRs) affords an increase in FG-domain mass, some-

times by as much as 40% [47]: suggesting that the FG-nups are both interpenetrated

by, and shrouded in NTRs, and that the transport barrier in vivo is likely to con-

tain large volume fractions of both FG-nups and NTRs at all times (schematics
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Figure 1.3: Mechanical characteristics of polymer brush and hydrogel mod-
els. (A) Schematic of the NPC showing the central nups in the ideal polymer brush
conformation. (B) Schematic of the NPC with the nups in the dense hydrogel con-
formation. (C) Predicted (qualitative) shape of a stiffness curve for an AFM tip
interacting with polymer brush nups. (D) Predicted (qualitative) shape of a stiff-
ness curve for FG-nups forming a hydrogel. (E) Stiffness curve obtained from a
density functional theory (DFT) calculation for an AFM tip indenting into FG-nups
that are just not sufficiently cohesive to condense in the central NPC channel, re-
sulting in entropic-brush characteristics. (F) Stiffness curve obtained from a DFT
calculation for an AFM tip indenting into FG-nups that are just sufficiently cohe-
sive to condense in the central NPC channel, resulting in mechanical characteristics
indicative of a hydrogel. (G) Experimentally obtained stiffness curve obtained from
the central channel of the NPC (cytoplasmic side). Overall, mechanical data on
intact NPCs [31] are in closer agreement with a hydrogel model, which does not
exclude, however, an entropic contribution.
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Figure 1.4: Measuring mechanical properties inside the NPC. (A) Schematic
of the NPC showing a possible arrangement for the nuclear transport receptors (red
circles) interacting with the FG- nups [89]. The NTRs form a network within the
polymer meshwork. (B) Schematic of the NPC showing another possible conforma-
tion for the NTRs interacting with the nups. Here, the increased FG-nup•FG-nup
interaction strength (as compared to the NTR•FG-nup interaction strength) results
in the NTRs being on average localized above and below the nups. (C) Averaged
stiffness cross-sections of NPCs in liquid following washes without (control; top) and
with Ran-/E-mix and benzonase (bottom). The Ran-/E-mix and benzonase flushes
out nuclear transport receptors and digests ribonucleoproteins (cargoes) stuck in
transit. (D) Averaged stiffness cross-sections of NPCs in liquid following washes
without additional NTRs (control; top), and with added Importin-β (0.5 µM; bot-
tom). Stiffness cross-sections adapted from Ref. [31].

of possible NTR/FG-nup arrangements in the NPC are shown in Figure 1.4A and

B). In order to probe the contribution of NTRs to the transport barrier, NPCs

were incubated with the Ran system and ATP (to activate the transport cycle and
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flush out NTRs and cargos), and benzonase (to digest ribonucleoproteins: a com-

mon cargo molecule), and their stiffness cross-sections were measured (as outlined

in section 1.5) [31]. In spite of a significant reduction of cargo molecules in the nu-

clear envelope (as measured by fluorescence microscopy and Western blot analysis),

the measured stiffness profile was similar to that of a paired control (Figure 1.4C).

However, a stiffness contribution from NTRs could not be fully excluded in these

experiments. The stiffness response observed from the central channel, even after

activation of the transport cycle, implies that the FG-nup condensate still forms in

the central transport channel, i.e., the cohesiveness of the FG-nups is great enough

to form a central plug, albeit that this may be facilitated by the presence of NTRs

remaining in the barrier. Upon deliberate incubation of the NPCs with exogenous

Impβ, a swelling of the transport channel was observed, along with homogenisation

of the stiffness cross-section along the radial profile of the NPC (Figure 1.4D). This

swelling behaviour, also observed on planar FG-domain films [47,49,50,83], suggests

an accumulation of Impβ both in and around the FG-nups. Possible NTR/FG-

nup arrangements for such accumulation have been proposed by physical modelling,

again dependent upon FG-nup cohesiveness and NTR•FG-nup binding avidity, and

remain to be tested [89].

Taken as a whole, experiments on FG-domain planar films, and AFM experiments

on intact NPCs, coupled with modelling work, suggest that the FG-nups within the

NPC assume a morphology resulting from a finely tuned system balanced by con-

tributions from FG-nup cohesion and entropic repulsion, and NTR•FG-nup binding

avidity. The affinity of the NTR•cargo complexes for the FG-nups, and their fast

binding and unbinding kinetics, then allows for the fast and selective transport of car-

goes through the NPC. However, this does not explain how large cargoes, i.e., those

approaching the size of the pore diameter (such as hepatitis B virus capsids [91,92]),

translocate the NPC. Figures 1.5A–C show the results from Monte Carlo simulations

of polymers in the pore geometry, with the same cohesiveness, but different starting

conformations [88,93], to outline behaviours that may be adopted by FG-nups in the

NPC. The polymers can find two different (meta)stable morphologies: the central

polymer condensate (Figure 1.5A) or the collapsed wall state (Figures 1.5B and C).

This raises the attractive idea that the cohesive properties of the FG-nups are tuned

to be near the phase boundary between these two states. This would enable the FG-

nups to natively maintain a morphology akin to the central phase (Figure 1.5A),

thereby occluding the central transport channel to maintain the selective barrier;

but to then be able to drastically rearrange and assume a morphology similar to

the wall phase (Figures 1.5B and C), with only a small activation energy barrier,

thus facilitating the transport of large cargoes. Indeed, best agreement between
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experimental data and model predictions is found for an FG-nup cohesiveness that

is only just sufficient to form a central FG-nup condensate in the NPC channel [31].

Figure 1.5: Monte Carlo simulations of polymers in a cylinder. With the
same parameters but different starting conditions, Monte Carlo simulations of poly-
mers anchored inside a cylinder show two distinctly different conformations: the
central phase (A) and the wall phase (B and C). 40 polymers of length 100 nm and
segment length 1 nm are simulated in a cylinder of radius 25 nm. Figure adapted
from Ref. [93].

1.9 Concluding Remarks

For many years, the debate surrounding the role played by FG-nups and NTRs

in the formation of the selective transport barrier has focussed on the differences

between (predominantly) cohesive versus entropic behaviour of FG-nups in reconsti-

tuted model systems and in the NPC. While recent studies to some extent continue

to primarily emphasise entropic [32,34] or cohesive [31,35,94] aspects of the transport

barrier, quantitative analyses of experimental data now indicate that both cohesion

and entropic repulsion have significant roles to play and are certainly not mutually

exclusive [47, 82]. Quite generally, entropic aspects are undeniably essential to de-

termine the morphology of unstructured, flexible proteins such as FG-nups; and yet

on the other hand, a certain degree of FG-nup cohesion may be required for the

biogenesis of the NPC: binding of non-cohesive FG-nups to a supported lipid bilayer

exhibit very slow kinetics [35], and result in grafting densities that would not account

for the concentration of FG-repeat domains found in mammalian NPCs [95].

Focussing on the polymer mechanics of FG-nup assemblies, one may hypothesise
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that NPC transport selectivity results from the rather finely tuned balance between

cohesive and entropic interactions [47,82]. Indeed, mechanical measurements of FG-

nups in NPCs suggest a cohesiveness that is just about sufficient to enable them —

possibly facilitated by uptake of NTRs — to span across and thus seal the transport

channel, thereby creating a selective transport barrier [31]. Fast rates of transport

would thus be facilitated by the vicinity to transitions between different FG-nup

morphologies [88, 93], as well as by the fast, multivalent binding and unbinding

kinetics between the FG-nups and the NTRs [45]; whilst the affinity of the NTRs to

the FG-nups engenders the selectivity, favouring NTR•cargo complexes over inert

macromolecules.

Over the course of this thesis, AFM is used on intact Xenopus laevis oocyte NPCs

to test this hypothesis (the first results are printed in Chapter 3). First, however,

the methods for conducting these various experiments are described.
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Materials and methods

2.1 Xenopus laevis oocyte nuclei isolation and

nuclear envelope preparation

2.1.1 Nuclei isolation

Xenopus laevis oocytes were gathered using Approved Schedule 1, i.e., the frogs

were euthanised by approved, humane methods, and then the ovaries removed

post-mortem. After collection, the oocytes are stored in Modified Barth’s Solu-

tion (NaCl 88 mM, Tris 15 mM, NaHCO3 2.4 mM, MgCl2•6H2O 0.82 mM, KCl 1

mM, CaCl2•2H2O 0.77 mM, Penicillin-Streptomycin 100 u/ml) at 4◦C. The oocytes

are stored for a maximum of three days, after which they are discarded.

Before beginning the nuclei isolation, the glass coverslips used for AFM imaging must

be prepared. A 13 mm diameter circle of FEP teflon (Agar Scientific) is glued onto

a 13 mm diameter steel disc using Loctite 406. A 9 mm diameter borosillicate glass

disc (thickness no. 1) is washed with ethanol, rinsed with MilliQ water, and then

blotted dry. A circular dot, ∼4 mm in diamter, is marked onto the underside of the

glass disc with a black marker pen. This later provides contrast when manipulating

the nuclei on the glass coverslip, under the stereomicroscope. The glass disc is then

glued onto the teflon, with the ink facing the teflon, using Araldite Ultra. Once dry,

the steel disc/teflon/glass coverslip is incubated in PCC-54, 1 % wt., overnight, at

room temperature. Before beginning the nuclei isolation, the steel disc/teflon/glass

coverslip is then washed thoroughly with MilliQ water, dried with nitrogen, and

plasma cleaned at 50 % power for 2 minutes. The glass coverslip is then incubated

32
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in poly-l-lysine (50 µl, 0.01 % wt.) for 30 minutes. It is then washed with MilliQ

water (x6), and then nuclei isolation medium (NIM) buffer (17 mM NaCl, 90 mM

KCl, 10 mM MgCl2•6H2O, pH 7.4 x6) — leaving a ∼70 µl droplet of NIM on the

glass coverslip.

Next, in a petri dish, in Modified Barth’s Solution, approximately 20 oocytes are sep-

arated from the ovarian follicular tissue with tweezers (this is done under a stereomi-

croscope; see Figure 2.1A and B). Once separated, they are transferred to another

petri dish – previously treated with bovine serum albumin (BSA) – containing NIM

with 1.5% wt. polyvinylpyrrolidone (PVP – to mimic the densely packed macro-

molecular environment of the cytosol and prevent the nuclei from swelling after

isolation), pH 7.4. Using tweezers, an oocyte is pinned down and gently pierced just

above the equator in the animal pole (if done correctly, the nucleus should begin to

burst out of the oocyte; see Figure 2.1C–G). The nucleus is then gently pushed out

of the oocyte by pipette aspiration, cleaned by pipette aspiration, and transferred

to a new petri dish – also pre-treated with BSA – containing NIM (1.5 % PVP wt.,

pH 7.4), where it can be stored on ice for up to ∼30 minutes (Figure 2.1H). The

nuclei have now successfully been isolated. If continuing on to prepare the nuclear

envelope for AFM experiments, continue reading below.

2.1.2 Nuclear envelope preparation for AFM

After isolating a nucleus, it is then placed in NIM buffer without PVP for 2 minutes,

causing the nucleus to swell and the NE to detach from the chromatin. Once swollen,

the nucleus is adsorbed onto a glass coverslip treated with poly-l-lysine in NIM buffer

(without PVP, pH 7.4; see Figure 2.1I). Sharpened glass capillaries (made by glass

pulling pipettes over a flame), pre-treated with BSA, are used to tear the NE and

gently spread it over the glass substrate (trying to expose both areas of cytoplasmic

and nucleoplasmic membrane to the buffer; see Figure 2.1J). The NIM buffer is

exchanged several times (>6) with NIM (PVP 8 % wt.; pH 7.4), and the sample

is incubated at 4◦C overnight in a humid environment to prevent loss of buffer –

this is to help the membrane stably adsorb onto the glass substrate. The following

morning the sample is washed several times (>6) with the imaging buffer (either

import buffer: 20 mM HEPES, 110 mM CH3COOK, 5 mM Mg(H3COO)2, 0.5 mM

ethylene glycol-bis(2-aminoethylether)-N,N,N,N-tetraacetic acid [EGTA], pH 7.4; or

NIM without PVP, pH 7.4). No chemical fixation is used at any point and the sample

is kept on ice at all stages of preparation, prior to transfer to the AFM instrument.



34

Figure 2.1: Isolating nuclei and preparing the nuclear envelope for AFM
imaging. (A) The stereomicroscope used for nuclear envelope preparation. (B)
Oocytes are manually separated from the ovarian follicular tissue with tweezers.
(C–F) Once separated, and transferred into a petri dish containing NIM with PVP
(1.5 % wt.), the nuclei are isolated from the oocytes. (C) Firstly, the oocyte is
pinned between two pairs of tweezers. (D) The sharper of the two tweezers is used
to gently pierce the oocyte in the animal pole, just above the equator. (E) The
protective tissue of the oocyte is gently prised apart. (F) Pressure is gently applied
to the vegetal pole of the oocyte, thus pushing the nucleus out of the oocyte. (G)
Image taken through the stereomicroscope, showing the nucleus emerging from the
oocyte after completion of step (F). The nucleus is finally separated from the oocyte
by gentle pipette aspiration, and then transferred to a storage buffer of NIM with
PVP (1.5 % wt.). This is done on ice. (H) Nuclei are transferred to NIM without
PVP, thus causing them to swell, and the nuclear envelope to detach from the
chromatin. (I) A swollen nucleus is adsorbed onto a glass cover slip — pre-treated
with poly-l-lysine — containing NIM. The nuclear envelope is gently torn, and the
chromatin removed. (J) The nuclear envelope is gently spread over the glass, the
buffer is washed out (x6), and then exchanged for NIM with PVP (8 % wt.; x6),
and incubated in the fridge overnight. Scale bars: 1 mm (B), 500 µm (G and H),
100 µm (I and J). Image adapted from [96] with permission of A. Bestembayeva.

2.2 Nuclear transport receptors, the Ran-mix, and

the energy-mix

The Ran-mix (1x) consists of: RanGDP 2 µM, RNA1p 0.2 µM (the functional

homologue of human RanGAP1 [97]), and RanBP1 0.2 µM [98]. NTF2 was pre-
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pared as previously described [99]. His-tagged Ran, Rna1p and RanBP1 were pre-

pared as previously described [99,100] with minor modifications: PC2 E. coli strain

(BL21(DE3), DendA::TcR, T1R, pLysS) were grown at 30◦C in Luria Bertani (LB)

medium supplemented with 120 µg/ml ampicillin to an A600nm of 0.9–1.0, after

which the temperature was reduced to 28◦C and protein expression was induced

with 2mM IPTG for 3 h. Bacterial pellets were re-suspended in ice-cold core buffer

(50mM HEPES, pH 7.0, 5mM Mg acetate, 100mM NaCl, 5mM β-mercaptoethanol)

supplemented with 1 mM PMSF and disrupted by sonication. Lysates were cleared

by centrifugation at 27,000 g for 30 min at 4◦C and supernatants incubated with

NiNTA resin in the presence of 20 mM imidazole; after washing in core buffer con-

taining 20 mM imidazole, His6-tagged proteins were eluted in core buffer supple-

mented with 200 mM imidazole. The proteins were further purified by gel filtration

over a HiLoad 16/60 Superdex 200 column in 150 mM NaCl, 25 mM Tris-HCl, pH

7.4 and supplemented with 5 mM DTT. Ran was charged by incubation on ice for 30

min in the presence of 10 mM EDTA and 2 mM GDP, after which 25 mM MgCl2 was

added. Samples were buffer exchanged (Hi-Trap desalting column) against import

buffer (20mM HEPES-KOH, 110mM potassium acetate, 5mM magnesium acetate,

0.5mM EGTA, pH 7.3). Proteins were supplemented with 8 % sucrose, flash-frozen

in liquid nitrogen and stored at -80◦C.

The energy-mix (1x) consisted of: ATP 1 mM, GTP 1 mM, Creatine phosphate

2 mM, and Creatine phosphokinase 40 U/ml, pH 7.4. The recombinant human

importin-β subunit was purchased from novoprotein (Catalogue number: CE62),

and the recombinant human importin-α subunit was purchased from Flarebio, CusAb

(Catalogue number: CSB-EP622929HU). An SDS-PAGE (sodium dodecyl sulfate,

or SDS; polyacylamide gel electrophoresis: PAGE) with Coomassie staining was run

to check for the purity of the proteins (this gel was run by Joesph Beton; see Figure

2.2).

2.3 Hepatitis B virus capsid preparation: wild

type and fluorescently labelled

2.3.1 Hepatitis B virus capsid labelled with Alexa488

The following section outlines the protocol used for the preparation of the Alexa488-

tagged hepatitis B virus capsids used in confocal laser scanning microscopy (CLSM)

experiments with intact, unfixed nuclei (results of which are shown in Chapter 6).
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Figure 2.2: Quality control for transport-related proteins. Recombinant pro-
teins were analysed by SDS-PAGE and Coomassie staining. This gel was run by
Joesph Beton.

The hepatitis B virus capsids were prepared in E. coli and contained a mutation at

position 80 (A80K). The A80 residue is exposed on the core surface. By changing

this residue for a lysine, it is possible to tether the Alexa488 fluorophore molecule

onto the core surface without disturbing the NLS (which contains several lysine

residues). This mutant is called HBc183(A80K), or, in short, HBc183Lys. This

construct has been generated by Michael Nassal (Freiburg), is not defective, and

was delivered under a material transfer agreement (MTA).

Furthermore, as the NLS — found in the C-terminal domain of the capsid (residues

150–183) — is sequestered inside the capsid by interaction with the RNA or DNA

viral genome [101]; and as the NLS contains several lysine residues (and could there-

fore also bind to Alexa488), it is important that the labelling process is completed
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before the NLSs are released. Exposure of the NLS occurs either by phosphorylation,

which reduces the affinity for the RNA or DNA, or by digestion of the RNA inside

the capsid core. Indeed, hepatitis B capsids that are “empty”, that is, devoid of any

nucleic acids, have the C-terminal domain exposed on the surface1 [104]. Therefore,

Alexa488-labelling to the A80K residue must occur prior to exposure of the NLSs

by RNAse digestion. The protocol runs as follows:

(1) Dialysis. HBc183Lys mutant (stock concentration: 0.5mg/ml) must be trans-

ferred to the Dialysis buffer (Import Buffer -EGTA: HEPES 20mM, KOAc 110 mM,

Mg(OAc)2). This is to remove any amine groups or glycerol molecules that may be

present in solution, which will interfere with the labelling step. Prepare the Dial-

ysis buffer (300 ml), filter the buffer (0.22 µm filter), and add 100 ml to a beaker.

Submerge the dialysis membrane (20 kDa) in the buffer to hydrate it, then remove.

Inject HBc183Lys (120 µl, 60 µg, 0.5mg/ml) into the membrane, place in the flota-

tion device, and then into the buffer. Stir, and incubate at 4◦C for 2 hours. Do this

three times.

(2) Concentrate. The labelling step requires a concentration of HBc183Lys of ∼1

mg/ml. Therefore, must concentrate the sample from 120 µl at ∼0.5 mg/ml, to 60

µl at ∼1 mg/ml. This is done using a Microcon-30kDa Centrifugal Filter Unit with

Ultracel-30 membrane. Begin by wetting the membrane with H2O: use 250 µl H2O

and put in centrifuge for ∼10 minutes at 12-14 Gs. This should remove any glycerol

in the membrane that would quench the following labelling step. After washing,

mark the desired volume (∼60 µl) to remain in the retentate, add the HBc183Lys,

and then centrifuge in 1-2 minute bursts at 6 G until ∼60 µl of HBc183Lys is left in

the retentate (i.e., the solution that has not passed through the membrane). Finally,

take a fresh epindorff, upturn the membrane with retentate into this fresh epindorff,

and centrifuge the retentate with HBc183Lys into this fresh epindorff (1 minute at

2 Gs).

(3) Labelling and Purification. Tag HBc183Lys with Alexa488. This is done

before RNase digestion, as, after digestion, the NLS sequences are exposed on the

capsids’ surface. These contain lysine residues and could therefore bind to Alexa488

— thereby disrupting the NLS and producing a transport-incompetent capsid. The

labelling is done with a comercially available kit (Molecular Probes, Life Technolo-

gies, Alexa Fluor 488 Microscale Protein Labeling Kit, ref.: A30006). Follow the

manufacturer’s instructions for both labelling and the following purification proto-

1Although some studies have previously stated that phosphorylation is required for the release
of the NLS [102], others have contradicted this notion by showing phosphorylation-independent
binding of hepatitis B cores to the NPC [103]. Perhaps phosphorylation is required for complete
maturation of the hepatits B core and subsequent release of the viral DNA into the nucleus.
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cols (for this protocol, 2.5 µl of dye is needed for every 30 µg of protein, therefore 5

µl of dye is used).

(4) Digestion. Digest RNA with RNase. This releases all the nuclear localisa-

tion sequences (NLSs) of the capsids, required for binding with Impα and Impβ,

and therefore required for transport. Dilute the HBc183Lys-Alexa488 solution in

water (x5), and incubate with RNase (1:100 wt.; 42◦C for 1 hour), i.e., incubate

HBc183Lys-Alexa488 (60 µl, ∼1 mg/ml) with H2O (237 µl) and RNase (3 µl, 1

mg/ml). Then, add import buffer -EGTA (10x, 1:10, i.e., 33.3 µl), and incu-

bate overnight at 4◦C. Finally, add EGTA (0.5 mM). The final concentration of

HBc183Lys-Alexa488 in import buffer with EGTA is ∼200 µg/ml.

2.3.2 Hepatitis B virus capsid wild type

The wild type hepatitis B virus capsids (HBc-WT) were produced in E. coli by

Michael Kann (University of Bordeaux). To prepare the wild type capsids, the

buffer must be exchanged, and the RNA must be removed to release the NLSs,

i.e., only the dialysis and digestion steps are required. However, in contrast to the

digestion step for HBc183Lys-Alexa488, in which a 5x dilution in H2O is used, a

20x dilution is used for the wild type. This reduces the effectiveness of glycerol

interference on the digestion reaction (as glycerol is present in the storage buffer).

The protocol (developed by Michael Kann) is as follows:

(1) Digestion. Digest RNA with RNase to release the NLSs of HBc183-WT. Dilute

HBc183-WT (1 mg/ml) in H2O (20x), and add RNase (1:100 wt., 1 mg/ml). I.e.,

dilute HBc183-WT (60 µl, 1mg/ml) in H2O (1128 µl), and add RNase (12 µl, 1

mg/ml). Incubate at 42◦C for 1 hour. Then, add import buffer -EGTA (10x, 1:10,

i.e., 133.3 µl), and incubate overnight at 4◦C. Finally, add EGTA (0.5 mM). The

final concentration of HBc183-WT in import buffer with EGTA is ∼50 µg/ml.

(2) Dialysis. Prepare desired buffer (either import buffer with EGTA, or NIM:

either can be used for AFM experiments), filter buffer, and add 100 ml to a beaker.

Submerge dialysis membrane (20 kDa) in buffer to hydrate it, then remove. Inject

HBc183-WT into the membrane, place in flotation device, and then into the buffer.

Stir, and incubate at 4◦C for 2 hours. Do this three times. If desired, concentrate

after completion of dialysis.
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2.3.3 Agarose Gel to verify completion of RNase digestion

First, prepare the agarose gel. Dissolve agarose gel (1 % wt.) in TAE buffer (1x)

(may need to heat in microwave in 1–2 minute bursts to aid this process). Once the

agarose gel has completely dissolved, allow it to cool, then transfer it to a 50 ml

falcon. For 50 ml of agarose gel (1 % wt.) in TAE buffer (1x), add 5 µl of ethidium

bromide, mix, then add to the gel tray with chambers. When the gel has cooled and

polymerisation is complete, it is ready to be loaded with samples.

Each sample to be run through the agarose gel must be of approximately equal

concentration, must contain the RNA loading dye, and must be compared to a DNA

ladder (with DNA loading dye). However, it should be noted that the detection limit

for the RNA is ∼500 ng/ml. Therefore, if one takes 5 µl of the digested HBc183-WT

(∼50 µg/ml), and added 10 µl H2O, and 5 µl RNA loading dye, this would give a

concentration of ∼15 µg/ml — a value above that of the detection limit. Samples of

HBc that have undergone the digestion step should be compared to those that have

not (i.e. from the stock, but again, taking care to dilute to the same concentration

as the digested sample).

Once all samples have been prepared, the gel is submerged in TAE buffer (1x),

the samples are carefully injected into the chambers, and a potential difference of

100 V is passed across the gel. The negatively charged RNA will migrate towards

the positive electrode. After 20–45 minutes, remove the gel and view it in a UV

chamber. If the digestion reaction was successful, no bands should appear for the

digested samples, but they should be visible for the undigested.

2.3.4 Dot Blot to verify capsids are intact

The Dot Blot test makes use of antibodies that only bind to intact capsids, in

order to verify their structural integrity. Therefore, to check that the capsids are

still intact after the RNA digestion (and Alexa488-labelling for the lysine mutant),

the digested HBc sample will be compared to a destroyed sample (destroyed by

incubating sample with SDS 1 % wt., at 60◦C for 10 minutes), and the undigested,

stock. This technique has a detection limit of ∼500 ng.

Take a rectangle of nitrocellulose membrane (0.2 µm), and cut off one corner (so that

the orientation of the membrane, and position of different samples on the membrane,

can be tracked). Wet the membrane in DPBS (1x), and place in the suction chamber

(on top of the filter paper if required for a better seal). Pipette 200 µl of PBS (1x) in
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each chamber to be used. Turn on the vacuum pump — if the apparatus is correctly

sealed, the buffer will be sucked through the chambers. Once complete, add ∼500

ng of each sample to a chamber, and top up the volume of each chamber, with DPBS

(1x), to ∼200 µl. Turn on the vacuum pump, and run for ∼2 minutes.

Carefully move the membrane to an old pipette box, add the blocking buffer (milk

5 % wt. in PBS-T), and gently agitate for 30 minutes at room temperature. This

prevents unspecific binding of the antibodies to the membrane. Next, wash the

membrane with PBS-T (1x), three times, 5 minutes each wash. Then move the

membrane to a 50 ml falcon tube, add the primary antibody (polyclonal rabbit

anti-hep B virus, 1:1000 in PBS-T, with milk 1 % wt.), and gently agitate at room

temperature for 60 minutes. Then wash three times with PBS-T (1x), 5 minutes

each wash. Incubate the membrane with the secondary antibody (polyclonal goat

anti-rabbit immunoglobulin/HRP, 1:3000 in PBS-T, with milk 1 % wt.) for 60

minutes at room temperature, with gentle agitation. Finally, wash three times, 5

minutes each time, with PBS-T (1x). The membrane is now ready for detection.

For detection, use the commercially available ECL detection kit. Take a 1:1 ratio

of Detection Reagents 1 and 2 (750 µl of each), and mix together. Remove the

excess washing buffer on the membrane with Whatman paper, add the Detection

Reagent solution, and incubate at room temperature for 5 minutes. Remove excess

Detection Reagents with Whatman paper, carefully wrap the membrane in cling

film, and place in X-ray detection folder (to protect it from light). In the dark

room, expose the membrane to X-ray film for ∼10 seconds, and then develop.

2.4 Confocal laser scanning microscopy with in-

tact, unfixed nuclei

Confocal laser scanning microscopy (CLSM) is a fluorescence technique commonly

used in the life sciences. In contrast to wide-field fluorescence techniques, in which

the entire sample is illumined with light, and all fluorophores are excited simultane-

ously, CLSM only records emitted photons from one focal plane, with a well-defined

focal depth, known as a slice. Successive slices then make up a z-stack, which can

be transformed into a 3D image. This is made possible by using a concentrated

laser spot, known as point illumination, and pinhole apertures in front of both the

laser excitation source, and the photodetector (see Figure 2.3 for a schematic of the

CLSM setup). The point illumination ensures that only fluorophores in the optical

path are excited (rather than all fluorophores simultaneously), whilst the pinhole
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aperture in front of the photodetector allows only photons from a given focal plane

to pass. Adjustable mirrors then raster scan the laser across a sample, thus build-

ing up an image. This results in a well-defined focal depth, an increase in lateral

resolution, and a reduction in background noise, however, as many of the emitted

photons never reach the photodetector (as they are blocked en route by the pin-

hole aperture), the recorded intensity is greatly reduced. Therefore, longer exposure

times and highly sensitive photodetectors are required. Furthermore, as with all

fluorescence techniques, it has the obvious drawbacks of requiring chemical-tagging,

photobleaching, possible phototoxicity, and a resolution limited by the diffraction

limit. However, as it can be used in liquid, dynamically, and on living cells, it is a

useful technique for observing the transport of cargoes through the NPCs of intact,

unfixed nuclei. In this section, the experimental protocol for observing transport of

the hepatitis B virus capsid (HBc183Lys-Alexa488) is outlined.

2.4.1 Transport of Hepatitis B virus capsids into the nucleus

This section outlines the experimental protocol for CLSM transport experiments

with the Alexa488-labelled lysine mutant hepatitis B virus capsids (HBc183Lys-

Alexa488). This is a large cargo molecule (∼36 nm in diameter) that approaches

the size-exclusion limit of the NPC. It requires both importin-α and importin-β

for transport. Therefore, to check if the import of these capsids could be induced,

two experiments were run: a positive experiment which contained the importins,

Ran-mix, and energy-mix, and which should promote the import of HBc183Lys-

Alexa488 into the nucleoplasm; and a negative experiment, which did not contain

these reagents, meaning the capsids should not pass the nuclear envelope. All ex-

periments were conducted on an Olympus FV1000.

The protocol for the positive experiment runs as follows: (1) Incubate HBc183Lys-

Alexa488 (40 µg/ml), Impα (10 µM), and Impβ (10 µM) in NIM (with PVP 1.5%

wt.) for 30 minutes. (2) Add the nuclei and incubate for a further 30 minutes. (3)

Transfer the nuclei to a solution of Ran-mix (4x), energy-mix (2x), Impα (7 µM),

and Impβ (7 µM) in NIM (with PVP 1.5% wt.) for 30 minutes. (4) Transfer the

nuclei to a solution of NIM (with PVP 1.5% wt.) for 5 minutes as a washing step.

(5) Transfer the nuclei to a solution of NIM (with PVP 1.5% wt.), add dextran-Texas

Red (70 kDa; 0.29 µM) and incubate for 15 minutes. (6) Image with the same laser

power, exposure time, and gain settings as for the negative experiment.

For the negative experiment: (1) Incubate HBc183Lys-Alexa488 (40 µg/ml) in NIM

(with PVP 1.5% wt.) for 30 minutes. (2) Add the nuclei and incubate for a further



42

Figure 2.3: Schematic of a confocal microscope. Adapted from [105].

30 minutes. (3) Transfer the nuclei to a solution of NIM (with PVP 1.5% wt.) for

30 minutes. (4) Transfer the nuclei to a solution of NIM (with PVP 1.5% wt.) for

5 minutes. (5) Transfer the nuclei to a solution of NIM (with PVP 1.5% wt.), add

dextran-Texas Red (70 kDa; 0.29 µM), and incubate for 15 minutes. (6) Image

with the same laser power, exposure time, and gain settings as for the positive

experiment.
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2.5 AFM imaging and force experiments in liquid

Atomic force microscopy (AFM) is a scanning probe microscopy technique that can

produce topographical images of conductive and insulating materials, in liquid and

in air. A sharp probe mounted on a flexible cantilever, controlled by a piezoelectric

scanner, raster scans along the surface of a sample. A laser reflects off the back of

the cantilever, and its deflection is recorded by a photodiode. The deflection of the

laser on the photodiode both gives information for the feedback system, enabling

the probe to remain in contact with the sample as its contours change; and, enables

the recording of the height changes of the sample, thus allowing an image to be built

(see Figure 2.4 for a schematic of an AFM).

Mirror
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Cantilever

Sample

Scanner

Tip

Buffer

Photodiode

z

yx

Figure 2.4: Schematic of an AFM. Adapted from [106] with permission from
Bart Hoogenboom.

There are many different modes of AFM imaging, some of which give mechanical

information alongside the height profile of a sample. The various modes, used both

for pure imaging and for giving mechanical information, employed over the course

of this thesis, are described below.

2.5.1 Force Volume

Force Volume (FV) is primarily a force-capture technique, although it does also

produce an image. The AFM probe is mechanically indented at every pixel of the
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image, at a linear velocity, until a pre-defined deflection setpoint of the laser on the

photodiode has been reached, i.e., the cantilever indents into the sample at every

pixel until a certain force has been applied to the cantilever. This gives both a

height profile of the sample (with the recorded height being the point of maximum

indentation of the tip into the sample), and a concomitant force curve at every pixel

(see Figure 2.5A and B for an example force curve and for Piezo z-position with

time in Force Volume mode). From these force curves, mechanical information on

the sample can be extracted, such as elasticity, stiffness, and adhesion.

Force Volume can be used in liquid, and on soft materials (such as the nuclear

envelope). The force-resolution of Force Volume is high, but the sampling frequency

is limited to the tens-of-Hertz range in liquid: at higher frequencies, hydrodynamic

forces affect the cantilever, and the resultant force curves are more greatly affected

by noise. This means data acquisition is slow: for example, a 64x64 pixel image

taken at a sampling frequency of 13 Hz takes more than 5 minutes to acquire. If the

AFM is an open-loop system, the system can drift over these timescales — distorting

the image being acquired. Therefore, when choosing to use Force Volume mode one

must balance the excellent force-sensitivity of the technique against its slow rate of

data capture and subsequent possible thermal drift during imaging 2. Figures 2.5D

and E show examples of the cytoplasmic face of nuclear pore complexes captured in

liquid, at room temperature, in Force Volume mode, at a sampling frequency of 13

Hz.

2.5.2 PeakForce QNM

PeakForce QNM is both an imaging and force-capture technique. In a similar fashion

to Force Volume, a pre-defined deflection setpoint is assigned, and the probe indents

the sample at every pixel until the recorded deflection is reached. This renders

both a height at maximum indentation, and a force curve at every pixel. However,

whereas in Force Volume the Piezo scanner ramps the cantilever linearly with time,

in PeakForce QNM, the cantilever is driven in a sinusoidal manner (see Figure

2.5B for a comparison of the cantilever drive between Force Volume and PeakForce

QNM). The cantilever can be driven at sampling frequencies in the kilo Hertz range,

allowing for much faster data acquisition when compared to Force Volume. However,

the resultant force curves contain more noise. There are several potential reasons for

2Thermal drift is a phenomenon in AFM that leads to distortion of images. After a sample has
been loaded into an AFM, the laser — focussed onto the cantilever — inputs heat into the system.
This leads to thermal expansion of the cantilever, and its concomitant bending. Therefore, until
the system has reached thermal equilibrium, thermal drift is observed.
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Figure 2.5: Force Volume and PeakForce QNM. (A) An example force-distance
curve (or force curve) produced from indenting into a soft material. The green line
represents the extension towards the sample surface; and the dashed-black line the
retraction away from the sample. The numbers correspond to the schematic on
the left (adapted from Bruker, CA, USA) and represent: (1) the extension of the
tip towards the sample; (2) the jump to contact; (3) the peak force and maximum
indentation of the tip into the sample; (4) adhesion to the sample upon retraction;
(5) retraction of the tip. (B) Piezo z-position against time for PeakForce QNM
(green line) and Force Volume (dashed-black line). The sinusoidal motion used to
drive the cantilever in PeakForce QNM mode can reach the kHz range, whereas the
linear ramp used to drive the cantilever in Force Volume can only reach the tens of
Hertz sampling frequencies in liquid. (C) Cytoplasmic side of NE captured using
PeakForce QNM mode at a frequency of 2 kHz. (D and E) Cytoplasmic side of
membrane captured using Force Volume mode at a sampling frequency of 13 Hz.
The NPC in image (D) shows a structure (potentially a cargo molecule) inside the
central channel. Scale bars: 100 nm (C–E).

this: the faster data acquisition of PeakForce QNM necessitates a larger bandwidth;

driving the cantilever in the kilo Hertz range can sometimes approach the resonance
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frequency of the cantilever, leading to coupling; and the velocity of the cantilever

is constantly evolving (due to the sinusoidal drive), and is sometimes very high

(when compared to Force Volume). Therefore, there is a trade-off when deciding

to use either PeakForce QNM or Force Volume. The data acquisition when using

PeakForce QNM is much faster than that of Force Volume, but the recorded force

curves contain more noise. See Figure 2.5C for an example image of the cytoplasmic

face of the nuclear envelope, recorded in PeakForce QNM, at a sampling frequency

of 2 kHz.

2.5.3 Tapping Mode

Tapping mode is solely an imaging technique. A cantilever is oscillated at a drive

frequency below that of the resonance frequency (f0) of the cantilever. An amplitude

is also set. The cantilever then scans over the sample, dampening the amplitude of

the cantilever to a pre-defined setpoint. By using this mode with cantilevers with

a high f0, sampling frequencies in the hundreds of kilo Hertz (or even mega Hertz)

range can be achieved. Imaging at video speeds (i.e., several frames per second)

is then possible, if the controller, Piezo scanner, and detection system are capable.

This imaging mode currently provides the fastest method of AFM imaging, however,

there is reduced control of the tip-sample interaction and no mechanical information

can be obtained. Figure 2.6 shows high resolution images of both the nucleoplasmic

side (Figure 2.6A) and cytoplasmic side (Figure 2.6B) of the membrane, captured

in NIM, at room temperature, using Tapping mode AFM.

2.5.4 Nanomechanical characterisation of NPCs: PeakForce

QNM

The experimental protocol for conducting nanomechanical characterisation experi-

ments of NPCs in PeakForce QNM mode runs as follows (all nanomechanical ex-

periments were conducted on a Dimension Icon, Bruker): (1) Prepare the Xenopus

laevis oocyte nuclear envelope as outlined in section 2.1.2. (2) Load the sample

onto the AFM, and load the cantilever (MSNL-E, Bruker) into the fluid cell. (3)

Apply a droplet of the buffer (NIM) onto the AFM probe. This is to avoid air

bubbles when submerging the cantilever into the liquid droplet covering the sample.

(4) Load the liquid cell into the AFM head, and navigate the AFM probe into the

liquid droplet. (5) Adjust the laser to reflect off the back of the cantilever, and

adjust the mirror and photo-diode so as to maximise the sum value. (6) Using the



47

Figure 2.6: AFM imaging (Tapping mode) of the Xenopus laevis oocyte
nuclear envelope in liquid. (A) The nucleoplasmic side of the nuclear envelope.
The fibular lamins of the nuclear lamina are seen as a meshwork between the NPCs;
and the nuclear basket of the NPCs is seen as an increase in height at the centre
of the pore [107]. White arrows indicate some of the more obvious sightings of the
nuclear basket. (B) The cytoplasmic face of the nuclear envelope renders a more
homogenous background. The NPCs often appear empty, although some show a
dense structure in the centre of the pore lumen (white arrows). Scale bars: 300 nm;
colour scales (see B, top right): 75 nm (A and B).

deflection sensitivity of another cantilever from the same wafer, conduct a thermal

tune to approximate the spring constant of the cantilever (see Methods section 2.5.7

for more details). This is to approximate the force applied during the experiment,

without having to blunt the tip in finding the deflection sensitivity at the beginning

of the experiment. (7) Use the motor to complete a coarse approach to the surface.

(8) Before engaging on the nuclear envelope, engage on an area of glass to optimize

the Sync Distance QNM parameter (this cannot be optimized on soft materials with

a time-dependent response to deformation, such as the nuclear envelope). Then,

engage on a chosen area of nuclear envelope at a PeakForce frequency of 2 kHz. (9)

Image a relatively large area at minimum force and low-spatial resolution (∼2 µm

scan size at 258 samples/line) to see if imaging cytoplasmic or nucleoplasmic nuclear

envelope. If imaging the wrong side of the membrane for the desired experiment,

withdraw, move to another area, re-engage, and image again. Repeat this process

until engaged upon the desired side of the nuclear envelope. (10) Once complete,

select the PeakForce frequency at which to image, and optimize the feedback sys-

tem (using the Sync Distance QNM previously found when engaged on glass). (11)

Image an area of 400x400 nm, with at least 128 lines and 128 samples/line (here,

the resolution may be limited by the software — if possible, increase the resolution

to ∼2-3 nm/pixel). (12) Set the amplitude to 50 nm, and the PeakForce setpoint

to ∼300-400 pN (the interaction force is approximated using the estimated spring
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constant found earlier), or to a setpoint at which the tip is indenting at least 20 nm

below the surface of the sample (this can be seen by inspecting the contact region

of the force curves). (13) After imaging a 400x400 nm area of the nuclear envelope,

offset the Piezo scanner and image a new area. Repeat this process several times,

ensuring that both the images and concomitant force curves are saved. (14) Once

several NPCs have been captured, withdraw the AFM probe, move the tip over

an area of clean glass, and re-engage. (15) Record the deflection sensitivity several

times (at least 3) and take the average. Then withdraw several microns and conduct

a thermal tune (see Methods section 2.5.7). Record both the deflection sensitivity

and the spring constant as they will be required for the MATLAB analysis later.

2.5.5 Nanomechanical characterisation of NPCs: Force Vol-

ume

The experimental protocol for conducting the nanomechanical experiments in Force

Volume is much the same as that for PeakForce QNM. First, follow steps (1–8)

outlined in Methods section 2.5.4 above, in PeakForce QNM mode. This is to find

a stable area of the desired side of the nuclear envelope. Once complete, withdraw

and switch to Force Volume mode.

The rest of the protocol runs as follows: (1) Engage onto the same area of nuclear

envelope. (2) Set the ramp size to be equal to that of the PeakForce QNM exper-

iment (i.e., if the amplitude in PeakForce QNM had been set to 50 nm, set the

ramp size in Force Volume to 100 nm). Similarly, designate the setpoint at the same

deflection (or force) value as for the PeakForce QNM experiment. (3) Image an area

of 250x250 nm, at 80 samples/line, and a sampling rate of ∼13 Hz. (4) Repeat

for several NPCs. (5) When finished, withdraw, and follow the remaining steps as

stated in Methods section 2.5.4, steps (14–15).

2.5.6 Cantilevers and microscopes

A Dimension Icon (Bruker) was used for all force-spectroscopy experiments, and

to produce the images displayed in Figure 4.5A and Figure 4.4; all other images

were acquired using a Dimension FastScan (Bruker), except for the images shown

in Figure 6.2, which were captured on a MultiMode 8 (Bruker).

MSNL-E (Bruker) probes with a silicon nitride cantilever (nominal f0 in air = 38

kHz; nominal k = 0.1 N/m) and a silicon tip (nominal radius = 2 nm) were used for
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all force-spectroscopy experiments, both in PeakForce Quantitative Nanomechanical

Property Mapping mode (PeakForce QNM) and Force Volume mode (and for the

capture of the data shown in Figure 6.2). All force-spectroscopy experiments were

conducted in NIM buffer (pH 7.4) at room temperature. An MSNL-F (Bruker;

nominal f0 in air = 125 kHz, nominal k = 0.6 N/m, nominal tip radius = 2 nm,

and tip half opening angle of ≤20◦ — the full tip shape is defined with ∼20◦ half

opening angle, with additional sharpening at the end of the tip; see manufacturer’s

specifications) was used to produce the images shown in Figure 4.1A-G and Figure

4.4, in PeakForce QNM mode at 2 kHz, in NIM (pH 7.4), at room temperature.

A ScanAsyst-Fluid-HR (Low k; Bruker; nominal f0 in fluid = 25 kHz, nominal k

= 0.05 N/m, nominal tip radius = 1 nm, and tip half opening angle of ≤20◦) was

used to produce the image shown in Figure 4.5A, using PeakForce QNM mode at

2 kHz, in NIM (pH 7.4), at room temperature. And finally, a FastScan-D (Bruker;

nominal f0 in water = 110 kHz, nominal k = 0.25 N/m, nominal tip radius = 5

nm, and tip half opening angle of ≤20◦) was used to produce the images shown in

Figure 4.5C-F, Figure 4.9, Figure 4.10, and all the data shown in Chapter 5, section

5.3.2, in import buffer (pH 7.4), at room temperature. The images shown in Figure

4.5C-F and Figure 4.9 were captured using PeakForce Mapping mode at 8 kHz,

whereas the images shown in Figure 4.10 and all data presented in Chapter 5 were

captured using Tapping mode. The images presented in Figure 6.2 were captured

in PeakForce QNM mode (2 kHz).

For all high-resolution imaging experiments (Figures 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 6.2)

the samples were imaged at minimum force, that is, such that the contact region of

the force curves only just stably rose above the force baseline.

For all imaging and force experiments involving exogenous reagents, the tip was

retraced ∼500 nm (using the Piezo scanner), the reagent was injected, and the

tip was brought back into contact with the surface. Imaging was then conducted

in the presence of the reagents (Figures 4.9A–D, J, and K, and Figure 4.11A–D).

The only exceptions are the addition of hsImpβ to the nucleoplasmic side of the

membrane (Figure 4.9I) and the addition of hsImpβ to the cytoplasmic side of the

membrane followed by washing steps (Figure 4.10). For these experiments, the tip

was withdrawn, the protein was injected, the system was left to incubate (15 min

for the data shown in Figure 4.9I and 25 min for the data shown in Figure 4.10),

and then the buffer was washed (>5 times). The tip was then re-engaged onto

the sample surface with negligible concentrations of hsImpβ in the imaging buffer

(import buffer).



50

2.5.7 Cantilever calibration: deflection sensitivity and the

spring constant

The raw force curves rendered from PeakForce QNM and Force Volume experiments

are recorded as deflections of the laser dot on the photodetector (in Volts) as a

function of piezo z-position (in nm). In order to change this raw force curve into the

final force curve (force against tip-sample separation), both the deflection sensitivity

of the system, and the spring constant of the cantilever must be calculated.

The deflection sensitivity is found by ramping the cantilever into a hard surface (in

this case glass). When a linear relationship is observed between the extension of the

piezo scanner and the deflection of the laser, the gradient of this line can be taken,

giving the deflection sensitivity (in nm V−1). If this value is then used as a scalar

to multiply with the deflection, recorded in the raw force curve (in Volts), this gives

the deflection error (in nm). If the deflection error (nm) is then added to the piezo

z-position (nm) of the raw force curve, this gives the tip-sample separation (also in

nm).

Once the deflection sensitivity has been calculated, the spring constant can be deter-

mined using the thermal tune method. To do this, the cantilever is positioned in the

liquid droplet, far away from the sample surface (so that there are no surface forces

in action between the cantilever beam and the sample surface). The oscillations of

the cantilever are then recorded, with one end of the cantilever beam anchored to the

chip, and the other free in solution. This time series data is then transformed into

the frequency domain, giving a power spectral density (PSD) plot of the cantilever

response to thermal noise. A large peak should be visible at the resonance frequency

of the cantilever in liquid. This data is then fitted (over a chosen bandwidth) with

the Simple Harmonic Oscillator model:

Aν = A0 + ADC ×
ν20√

(ν20 − ν)2 +
ν20 × ν2

Q2

,

where Aν is the amplitude as a function of frequency, A0 is the baseline amplitude,

ADC is the amplitude at DC (zero frequency), ν0 is the centre frequency of the

resonance peak, and Q is the quality factor (essentially a measure of the sharpness

of the peak). This gives the resonance frequency of the cantilever (ν0), and its

quality factor, Q. Furthermore, it was noted by Hutter and Bechhoefer that the
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spring constant can be related to its thermal energy using the equipartition theorem,

giving [108]:

1

2
k〈z2c 〉 =

1

2
kbT,

where kb is the Boltzmann constant and 〈z2c 〉 is the mean squared displacement of the

cantilever’s thermal motion. This can be calculated by integrating the area under

the peak of the fundamental mode from the PSD analysis described above. From

this, therefore, the spring constant can be calculated3. With both the deflection

sensitivity and the spring constant now known, the deflection (in Volts) can now

be multiplied by both the deflection sensitivity (nm V−1), and the spring constant

(N m−1), to give force, in Newtons. The raw force curve has now been processed

from deflection (V) against piezo z-position (nm), into force (N) against tip-sample

separation (nm).

As a practical note, when conducting force-capture experiments, the deflection sensi-

tivity of the cantilever is approximated as the value recorded from another cantilever

of the same wafer. The thermal tune and subsequently calculated spring constant

is then based off of this value, to approximate the applied force throughout the ex-

periment. At the end of the experiment, the cantilever is then calibrated as usual,

and the raw force curves are processed in MATLAB. This is done to avoid blunting

the cantilever tip at the beginning of the experiment when ramping the cantilever

into a hard surface to calculate the deflection sensitivity.

2.5.8 Fast-scanning of FG-nups: kymographs

This section describes the experimental protocols used in the fast-scanning experi-

ments on both the cytoplasmic and nucleoplasmic face of NPCs in NIM. The aim of

these experiments is to detect and quantify the fluctuations of FG-nups inside the

NPC transport barrier. As these fluctuations may be occurring on the tens of mil-

lisecond timescale (or possibly much faster), suitably fast data capture is required to

detect these movements. However, it is beyond the capability of the AFM currently

available in our lab to capture images at these speeds, and so instead, single-line

experiments are conducted. In effect, this involves scanning the AFM probe over the

same area of space (usually, in these experiments, one line 300 nm in length), at up

3As cantilevers do not behave as ideal springs, and the geometries of different cantilevers vary,
adjustments have been made to this formula. The interested reader can find more on the topic
here [109–111].
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Figure 2.7: Kymograph data collection for the Xenopus laevis oocyte
NPCs. (A) Cytoplasmic side of the nuclear envelope identified by ring shaped
NPCs and a homogenous background membrane. (B) Nucleoplasmic side of the nu-
clear envelope identified by the background lamina network and nuclear baskets on
the NPCs. (C) Higher magnification image of one NPC imaged from the cytoplasmic
side (left). The slow-scan axis is disabled over the centre of the NPC (white-dashed
line, left image) to produce the kymograph (right). (D) Same as (C) but on the
nucleoplasmic side of an NPC. A protrusion is seen at the position of the nuclear
basket. Colour scales (see B, top right): 70 nm (A), 90 nm (B), 80 nm (C and D);
scale bars: 300 nm (A and B), 100 nm (C and D).

to speeds of ∼20 lines per second. This should enable the detection of fluctuations

on time-scales of ∼50 ms or slower. This is done using Tapping Mode AFM (see

Methods section 2.5.3) with a FastScan-D cantilever (Bruker; nominal f0 in water =

110 kHz, nominal k = 0.25 N m−1, nominal tip radius = 5 nm, and tip half opening
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angle of ≤20◦). All data was collected using a Dimension FastScan (Bruker).

The experimental protocol runs as follows: (1) Xenopus laevis oocyte nuclear enve-

lope is prepared for AFM experiments, as described in Methods section 2.1. This is

done in NIM at pH 7.4. (2) The sample is loaded into a Dimension Fast-Scan AFM

(ensuring that the sample is immersed in NIM buffer at all times), and a Fast Scan-D

AFM probe is loaded. (3) After setting up the AFM, and choosing a drive frequency

for Tapping mode (see Methods section 2.5.3), engage onto the sample surface. At

a fairly low spatial resolution (e.g., a scan size of 2 µm at 258 samples/line), and a

relatively high line rate (∼8 Hz), quickly produce an image of the nuclear envelope.

This is to see whether engaged upon the cytoplasmic or nucleoplasmic side of the

membrane (see Figure 2.7A and B for an illustration of the difference between the

two). If engaged upon the undesired side, withdraw, move the probe, and engage

onto a different area. Repeat this process until an area of stable NE, facing in the

desired direction, has been found. (5) Once complete, zoom in onto one NPC (image

size of 300 nm, with 304 samples/line), with the NPC in the centre of the image.

(6) Follow the scan line, and as it passes over the centre of the NPC, disable the

slow-scan axis. If this is the cytoplasmic side of an NPC, a kymograph such as that

shown in Figure 2.7C will be produced; if the nucleoplasmic side, a kymograph such

as that shown in Figure 2.7D will be rendered. (7) Select the line rate (usually 5,

10, or 20 Hz) and optimize the imaging conditions — taking care not to add any

periodic noise from the feedback system into the recorded kymographs. Ensure that

some background nuclear envelope is being recorded on either side of the NPC, as

this will act as a control for the auto-correlation analysis, described in Methods

section 2.6.6 below.

2.6 Analysis protocols for CLSM and AFM ex-

periments

It should be noted that all analysis scripts discussed in this section are written in

MATLAB.
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2.6.1 Transport through intact, unfixed nuclei: analysis and

quantification protocol of CLSM experiments

This section outlines the analysis protocols for quantifying the fluorescence intensity

inside the nucleoplasm, and in the nuclear envelope, separately. This enables a better

estimation of completed transport events, i.e., those that have translocated through

the NPC, then been released into the nucleoplasm (seen as intensity in the nucleo-

plasm); versus incomplete transport events, i.e., those stuck in, or still undergoing

transport (seen as intensity in the nuclear envelope). Furthermore, it enables the

quantification of comparison between positive and negative transport experiments

(i.e. those with the importins, Ran- and energy-mixes, and those without).

The analysis script runs as follows: (1) The fluorescence intensity image is loaded

into MATLAB (see Figure 2.8A). (2) The contrast of the image is enhanced in

preparation for edge detection (Figure 2.8B). (3) A binary edge mask is applied to

the image (Figure 2.8C). (4) The edge mask is dilated to fill in any gaps in the

mask (Figure 2.8D). (5) Any holes in the mask are filled in (Figure 2.8E). (6) Any

masks touching the edge of the image are removed (Figure 2.8F). This ensures any

neighbouring nuclei are later deleted. (7) The outline of the mask is eroded to soften

its edges (Figure 2.8G). (8) The mask is used to remove all the background (Figure

2.8H and I). (9) The contrast is enhanced in preparation for edge detection once

again (Figure 2.8J). (10) A binary edge mask is applied (Figure 2.8K). (11) The

edge mask is dilated (Figure 2.8L). (12) The dilated edge mask is used to crop both

the nucleoplasm (Figure 2.8M) and nuclear envelope (Figure 2.8N) separately. (13)

The average pixel intensity is calculated for each cropped image.

2.6.2 Nanomechanical characterisation of force-spectroscopy

data

The following section describes the MATLAB scripts and various algorithms therein,

written to analyse the nanomechanical data obtained from both Force Volume mode

and PeakForce QNM mode (the analysis scripts are the same for the two modes; see

Figure 2.9 for a schematic). The experimental protocols used to obtain the data are

outlined in Methods section 2.5.1 and 2.5.2.

The PeakForce QNM data is loaded into MATLAB (see Figure 2.9A), and the

spring constant and deflection sensitivity for the relevant cantilever are entered

manually (see Methods section 2.5.7). A 1st order plane flattening is applied to each
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Figure 2.8: Analysis protocol for quantifying fluorescence in the nuclear
envelope and nucleoplasm. (A) Original intensity image. (B) Enhance contrast.
(C) Binary edge mask. (D) Dilate mask. (E) Fill in holes of mask. (F) Remove
bordering nuclei. (G) Erode edges. (H) Contour of mask. (I) Cropped nucleus with
background and neighbouring nuclei removed. (J) Enhance contrast. (K) Binary
edge mask. (L) Dilate mask. (M) Cropped nucleoplasm. (N) Cropped nuclear
envelope.
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Figure 2.9: Nanomechanical analysis of AFM data. (A) Image of cytoplasmic
side of the NE recorded with PeakForce QNM (2 kHz). (B) The effective Young’s
modulus (Eeff ) heatmap produced by applying the Hertz model to force curves for
every pixel in the image (A). (C and D) Both the height and Eeff data of an NPC
are cropped (A and B, white dashed boxes). The Eeff data from one NPC (D) can
be rotationally symmetrised to produce the plot shown in (E). This can be done for
many NPCs, and followed by averaging. (F) The force curves from the central radial
bin (white circle in C). The grey circles are all the individual force curves from the
first bin, from one NPC. After baseline subtraction and contact point determination
(see Methods section 2.6.3), the force curves are aligned on their contact point and
averaged to give the force curve shown by the black line. (G) The stiffness curve
calculated from the averaged force curve shown in (F), with stiffness here defined
as the negative first derivative of the force curve. (H) Each stiffness curve is then
plotted as an intensity map, as a function of its radial position (with red being
greater stiffness, yellow less stiffness, and blue no stiffness or baseline noise). The
maximum indentation point of each stiffness curve is aligned on the rotationally
symmetrised height profile of the pore. This produces stiffness heatmaps showing
the nanomechanical properties of NPCs as a function of both radial and vertical (z)
position [31]. The stiffness heatmap shown here is an average of 145 NPCs. The
top of the grey fill is the height at maximum indentation, and the dashed-black line
is the true height, as calculated from the indentation of each averaged force curve.
Scale bars: 100 nm (A-D). Colour scales: 80 nm (A and C); 2.5 MPa (B and D); 40
pN/nm (H).
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image. The force curves are converted from deflection (V) vs Piezo-z position (nm),

to deflection (nm) vs Piezo-z position (nm), using the deflection sensitivity (nm

V−1). The tip-sample separation (nm) is then calculated using the deflection of the

cantilever (nm) as a function of Piezo-z position (nm). Finally, they are converted

to force (nN) vs tip-sample separation (nm) using the spring constant (N m−1),

calculated using the thermal tune method (see Methods section 2.5.7). Next, the

contact point of each force curve is determined (see Methods section 2.6.3, below)

in preparation for applying the Hertz indentation model. This is defined as:

F =
4

3
× Eeff

1− ν2
×
√
r × δ3/2,

where F is force (Newtons); Eeff is the effective Young’s modulus (Pa); ν is the

Poisson’s ratio (i.e., the ratio of transverse to axial strain) and is here assumed

to be a fixed value (0.5) for convenience; r is the tip radius, and is assumed to

be 2 nm (this is the manufacturer’s specification for an MSNL-E); and δ is the

indentation depth (nm) below the sample surface (see Chapter 3, section 3.2.1 for

more information on the Hertz indentation model).

The Hertz model is applied from the contact point up to either an indentation of

20 nm, or until the end of the force curve, to give the effective Young’s modulus

(Eeff ; Figure 2.9B). If the contact point could not be determined, the force curve is

removed from the analysis. The centre of each NPC in the image is defined manually.

All defined NPCs are then cropped (Figure 2.9C), along with their calculated Eeff
values (Figure 2.9D), and their concomitant force curves (Figure 2.9F). For each

NPC, the height data, Eeff values, and force curves are aggregated based upon

their radial position from the centre of the pore (the inner-most radial bin has

a radius of 5 nm; all following concentric circles are in 4 nm intervals). After

completing this for all images within one experiment, all files are collated into one

data structure. The indentation values for all force curves are determined — if they

are very small (<5 nm) or very large (>75 nm), this is considered incorrect contact

point determination, and the force curves are removed. Furthermore, if the Eeff
values are outside of the range 0.1≤ Eeff ≤10 MPa, these are considered anomalous

(indicating a lack of contact between tip and sample or a sudden jump in the force

curve, respectively), and are therefore removed along with the relevant force curves.

All remaining force curves, height data, and Eeff values are then collated based

upon their radial position. The Eeff values and height data are averaged, and their

standard deviation is calculated — this gives the rotationally averaged Eeff (Figure

2.9E) and height (Figure 2.9H, grey fill) profiles. Force curves are then averaged

based upon their radial position (Figure 2.9F). This is done by binning force data
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into 1 nm sized bins, and next, averaging the bins. Furthermore, only bins for which

80% of force curves contributed are kept. This removes behaviour at each extreme

end of the force curves, which would be prone to artefacts due to averaging from a

relatively small subset of data. The negative of the first derivative of the averaged

force curves is calculated to produce the stiffness curves (Figure 2.9G). These are

then positioned onto an intensity map based upon both their radial position from

the centre of the NPC, and their height — calculated using the rotationally averaged

height profile. This produces the stiffness heatmaps (Figure 2.9H). This rotational

averaging procedure is done on the ensemble averaged data for all NPCs, and on

each NPC individually.

2.6.3 Contact point determination of force curves

The contact point is the z-position at which the AFM probe first touches the sam-

ple, and is defined, for a force curve, as the point at which it first deviates from the

baseline. In the context of this work, defining the contact point as accurately as

possible is very important: it is required for the alignment and subsequent averaging

of force curves in the nanomechanical analysis, and it is needed as a starting point

for the application of the Hertz model (see Methods section 2.6.2). Furthermore, as

thousands of force curves are to be processed for each image recorded, the determi-

nation of the contact point cannot be done manually. To this end, an algorithm is

used to define the contact point and baseline of each force curve automatically.

The algorithm runs as follows: (1) A raw force curve is loaded (see Figure 2.10A),

and is split into 20 equal parts. (2) The standard deviation is calculated for all

segments, and the minimum standard deviation calculated (this is assumed to be

from a segment in the baseline) is multiplied by a factor of 3, and saved as a ref-

erence value. (3) The mean value of each segment is calculated, and the absolute

difference between the mean values of each segment is calculated. (4) The algorithm

runs through the absolute difference in the mean values and compares them to the

reference value, saved previously, and based upon the minimum standard deviation

value. If the difference between two neighbouring mean values is less than the ref-

erence value, it is recorded as a 0, and if it is greater than the reference value, it is

recorded as a 1. If this produces a succession of 0s (from the baseline), followed by

a succession of 1s (from the contact region), with only one transition point between

them, the force curve is cropped from the interval after the transition point, to the

end of the baseline (Figure 2.10B). If there is more than one transition point, the

force curve is split into 19 segments, and the algorithm runs again from step (2).
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Figure 2.10: Contact point determination of experimental force curves. (A)
A PeakForce QNM (2 kHz) force curve recorded in the centre of an NPC (cytoplasmic
side). (B) The force curve is segmented into many partitions (initially 20, shown
by the dashed-grey lines). The standard deviation of each segment is determined,
and the smallest is taken. This number is multiplied by a factor (3 in this thesis)
and saved as a threshold value. The difference in the mean between neighbouring
partitions is calculated and compared with this threshold: if the difference is less
than the threshold, it is assigned a 0; if greater than, it is assigned a 1. If this
produces a series of 0s and 1s with only one transition, the force curve is cropped
from the end of the baseline to the first segment after the transition point (dashed-
green line is transition point, blue line is segment of force curve for cropping). If
there is more than one transition, the number of segments is reduced by one, and
the process restarts. (C) The rationale behind this procedure is that it yields a force
curve over an indentation that is so small that the increase can be approximated
by a linear function. A piecewise linear function is fitted to the cropped force curve
using a least squares regression. (D) The knot in the piecewise function is defined
as the contact point (z0; red cross).
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This process is repeated until one unique transition point is found, and the force

curve is cropped. This idea behind this process is that it yields a force curve over

an indentation that is so small it can be approximated with a linear function. (5)

A piecewise function, defined as z ≥ z0 = 0, and z < z0 = α(z0 − z)) — where z0
is defined as the contact point and is the knot in the piecewise function — is fitted

to the cropped force curve using a least squares regression (Figure 2.10C). (6) Once

fitted, the point on the force curve closest to the knot in the piecewise function is

defined as the contact point (Figure 2.10D). The force curve is then corrected with

the contact point at z = 0 nm, and the baseline set to F = 0 pN.

2.6.4 Size distribution of NPCs

The image file is loaded into MATLAB, and the width of the image (fast-scan axis)

is entered manually in nm (see Figure 2.11A). A 1st order plane flattening is applied

to the image. Circles are found within the image using imfindcircles to identify all

NPCs (the sensitivity parameter must be optimized to best find all pores; Figure

2.11B). All identified NPCs are cropped, and another 1st order plane flattening is

applied to each NPC individually, this time using the top 50% of height data to

identify the rim of the pore. Each NPC is then rotationally symmetrised, and the

resultant height profile is filtered (Savitzky-Golay method [112]). The peaks in the

filtered height profile are then found — this should correspond to the highest point

of the NPC scaffold structure. If several peaks are found, the first peak found at a

radial position less than 60 nm from the centre of the NPC is used (Figure 2.11C).

The distance from the centre of the NPC to the peak is defined as the NPC radius.

The radial values are collated from several images and displayed as a histogram

(Figure 2.11D).

2.6.5 Cross-correlation averaging of NPCs

The image file is loaded into MATLAB, and the width of the image (fast-scan axis)

is entered manually in nm. A 1st order plane flattening is applied to the image.

Circles are found within the image using imfindcircles to identify all NPCs (the

sensitivity parameter must be optimized to best find all pores). All identified NPCs

are cropped, another 1st order plane flattening is applied to each NPC individually,

this time using the top 50% of height data to identify the rim of the pore. This

both straightens each pore individually and sets them all to the same height. The

first pore recognised by imfindcircles is used as the first template for the cross-
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Figure 2.11: Analysis protocol for calculating NPC scaffold radii. (A) An
image of the membrane is loaded into MATLAB (in this case, an image from the
nucleoplasmic side). (B) Circles are found within the image (for this image, n =
57). (C) Each circle is cropped as a separate image, rotationally symmetrised, and
the peaks of the resultant plots found. If more than one peak is found, the first peak
at a radial distance less than 60 nm is taken. (D) The distance from the peak to
the centre is defined as the NPC radius. These are plotted as a histogram. Colour
scale: 95 nm (A); scale bars: 300 nm (A and B).

correlation averaging. The template is masked such that only image data within an

80 nm radius of the centre of the cropped image is kept for the correlation — this

should contain the NPC and ignore background NE (and other possible neighbouring

NPCs). A second pore is then compared against the template (this is also masked

such that only data within an 80 nm radius of the centre is kept) using the sum of

absolute differences (SAD) method, i.e., the absolute difference in height between

each overlapping pixel is taken, and the sum of all differences saved. The image is

then rotated 5◦ and the SAD score is calculated and saved. This is repeated until the

image has been rotated 45◦ (the protocol limits rotation to 45◦ as 8-fold rotational

symmetry of the NPC is assumed). The rotation of the image corresponding to the

lowest SAD score is defined as having the greatest correlation with the template and

is therefore averaged with the template to create a new template. This process is
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repeated until all pores have been averaged. The averaged image is then rotationally

symmetrised to produce the plots shown in Figure 4.9(E-H).

2.6.6 Fast-scanning of FG-nups: autocorrelation analysis

This section describes the MATLAB scripts written to analyse the experimental

results captured from the fast-scanning experiments (described above in Methods

section 2.5.8). The general concept of this analysis code is to quantify the fluctu-

ations of a pixel height as a function of time-lag, thus giving information on the

time-scale of fluctuations of FG-nups within the NPC (that is, if the experimental

setup is sensitive enough to detect them). Results from this analysis are described

in Chapter 5 below.

The analysis script runs as follows: (1) All images recorded from the fast-scanning

experiments are loaded into MATLAB, and the image width and samples per line

are entered manually. If the Down Scan Only feature during data capture was not

enabled, the capture direction of the first image must be entered (up or down). If

the Down Scan Only feature was not enabled, the script vertically flips intermittent

images. If the Down Scan Only feature was enabled, this step is skipped. All images

are then vertically concatenated. This gives one large matrix with distance in the

x-axis (fast-scan axis), and time (as captured chronologically) in the y (slow-scan

axis). This is called a kymograph. (2) One or more static feature of the concatenated

kymograph is selected, and the kymograph is drift-corrected with respect to the

selected points (this process is further detailed in Chapter 5, Further Methods section

5.2.1). Each column of the matrix (kymograph) should now correspond to the height

of one pixel as a function of time. (3) The auto-correlation function is applied to

each pixel in the kymograph. This is defined as:

R(τ) = R(m∆t) ≡ Rm =
1

N −m

N−m∑
n=1

[(zn − z) (zn+m − z)] , (2.1)

where m and n refer to line numbers in the kymograph, N is the total number of

scan lines in the kymograph, and ∆t is time between consecutive scan lines. zn
denotes the pixel height (in nm) of a given position as a function of time (n∆t),

and z denotes the average pixel height at that position. The results from the auto-

correlation analysis are then plotted as an intensity map as a function of both

position in the x-axis (fast-scan axis) and time-lag. This method is further detailed

in Chapter 5, Further Methods section 5.2.2.



Chapter 3

Validating fast force-spectroscopy

methods: PeakForce QNM

3.1 Introduction: Force Volume and PeakForce

QNM

As discussed in the Introduction (specifically section 1.5), it is difficult to define

the morphology of the FG-nups inside the native NPC. Their location — anchored

deep inside the central channel — makes them difficult to access via surface tech-

niques; and their largely disordered nature means they are not very amenable to

techniques that rely on ensemble averaging (e.g., X-ray crystallography or electron

microscopy). However, understanding their morphology would provide much insight

into the mechanism of transport through the NPC. Do the FG-nups form conden-

sates with hydrogel-like properties inside the central channel? Do they assume a

polymer brush morphology with a predominantly entropic barrier to transport? Or

are they somewhere in-between?

Work published by Bestembayeva et al. (2015) [31], attempted to address these

questions using AFM. By using a supersharp, high aspect-ratio silicon probe, with a

tip radius of ∼2 nm, the probe was mechanically indented >20 nm underneath the

top surface of the transport barrier inside the NPC. The subsequent force data was

compared to DFT calculations, with the results suggesting that the FG-nups were

just cohesive enough to form a condensate in the centre of the transport channel (see

Figure 1.3). To obtain this data, Force Volume was used: a force-capture mode that

acquires data, in liquid, at a sampling rate of .15 Hz (see Methods section 2.5.1

63
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for a description of Force Volume mode). At faster sampling rates, hydrodynamic

forces are increasingly likely to affect the cantilever, and thus the generated force

curves. This force-capture mode has very good force sensitivity and produces force

curves with little noise, however, its rate of data acquisition is slow. As such, it is

prone to problems such as thermal drift, in which the system moves in the x and

y directions whilst capturing data, thus distorting the generated image. It is also

not possible to observe dynamic processes with this technique as it can take tens

of minutes to capture a single image (this, of course, depends on the size and pixel

density of the image captured).

Following on from this work published by Bestembayeva et al. (2015) [31], the

stiffness topography of NPCs has here been mapped using both Force Volume, and

PeakForce Quantitative Nanomechanical Property Mapping (PeakForce QNM): a

newer force-capture mode that can operate at sampling frequencies several orders

of magnitude higher than that of Force Volume, thus enabling higher throughput of

nanomechanical data acquisition, whilst simultaneously reducing the effect of ther-

mal drift on the measurements. Whilst the cantilever in Force Volume mode is

ramped linearly with respect to time (i.e., at a constant velocity), the cantilever

in PeakForce QNM is oscillated in a sinusoidal manner (see Figure 3.1, top row).

This means that whilst the cantilever in Force Volume mode can only be ramped

at a sampling frequency of .15 Hz, in PeakForce QNM the cantilever can be os-

cillated in the kHz range, enabling faster force data capture (see Methods sections

2.5.1 and 2.5.2 for more detailed descriptions of Force Volume and PeakForce QNM

respectively; and see Figure 2.5 for an illustration of the difference between these

two modes). To put this into perspective, capturing force data on one NPC in Force

Volume mode, in liquid, takes ∼13 minutes (250x250 nm image at 80 samples/line);

whereas in PeakForce QNM mode at 2 kHz, force data on up to ∼5 NPCs can be

captured in ∼1.5 minutes (400x400 nm image at 128 samples/line). However, the

force curves generated by PeakForce QNM are much noisier than those generated

by Force Volume. As discussed in the Methods chapter above (section 2.5.2), this

is probably caused by a variety of factors: the faster data acquisition necessitates a

larger bandwidth, which implies more noise; driving the cantilever in the kilo Hertz

range can sometimes approach the resonance frequency of the cantilever, leading to

coupling; the velocity of the cantilever is constantly evolving (due to the sinusoidal

drive), and is sometimes very high (when compared to Force Volume); and finally,

the background subtraction parameters need constant updating as the imaging con-

ditions evolve, which is done by the user and not updated automatically by the

software.

By carrying out comparative measurements of NPCs in these two force-capture
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modes, one can corroborate the experimental results published by Bestembayeva et

al. (2015) [31] (therefore lending more evidence to the cohesive properties of the

FG-nups inside the NPC), and validate the effectiveness and force-sensitivity of the

much faster PeakForce QNM mode. In verifying that this higher throughput mode

can detect the same local stiffness variations on a soft biological sample (such as

the NPC) as detected in Force Volume mode, the possibility for new experiments

is opened up. For example, force data can be acquired on NPCs at very high

pixel densities, thus rendering a nanomechanical map of the NPC at high spatial

resolution and yet without any ensemble averaging; and, the stiffness of the central

transport barrier can be measured as a function of NTR concentration, thus helping

to elucidate, experimentally, the role of NTRs in the formation of the transport

barrier.

To further understand any differences between these two force-capture modes, data

sets were recorded in PeakForce QNM at two different sampling frequencies: 250

Hz and 2 kHz. In doing so, the contribution of variables such as tip velocity (which

increases with oscillation frequency) to the recorded force response of the cantilever,

are also accounted for. In total, this gives three different data sets, recorded in

two different force-capture modes, covering sampling frequencies over more than

two orders of magnitude: Force Volume at 12 Hz, PeakForce QNM at 250 Hz, and

PeakForce QNM at 2 kHz. (It is worth noting that since this work was carried

out, faster Force Volume methods have emerged which would allow for a direct

comparison of Force Volume and PeakForce QNM in the ∼100 Hz range.)

3.2 Results: Comparing Force Volume with Peak-

Force QNM

All the results from the experiments described in this section were acquired using

an MSNL-E AFM probe (Bruker; see Methods section 2.5.6), in NIM buffer (see

Methods section 2.1.1), at room temperature, using a Dimension Icon AFM sys-

tem (Bruker) with Nanoscope 9.3. The sample preparation protocols are outlined

in Methods section 2.1; the AFM experimental protocols are outlined in Methods

sections 2.5.4 and 2.5.5; and the analysis protocols — written in MATLAB — are

outlined in Methods section 2.6.2.



66

3.2.1 Applying the Hertz model

When applied to the cytoplasmic side of the Xenopus laevis oocyte nuclear envelope,

all three imaging modes render similar images (Figure 3.1): all show a relatively

homogenous background, an increased height at the NPC scaffold structure, and

varying heights of the NPC transport barriers — and all are similar in appearance

to other published AFM studies on the nuclear envelope [1,31,55,64,65,67,113–115].

Furthermore, when acquiring images in these three different imaging modes, a force

curve is rendered from each pixel. These force curves can be fitted with a Hertz

indentation model: a classic contact mechanics model that describes the AFM tip

as a hard sphere indenting into a semi-infinite, homogeneous, and isotropic sample.

Even when the sample is not semi-infinite, homogeneous, and isotropic, this model

is commonly used to obtain a measure of local sample stiffness. Such a measure

is useful for comparing variations in the mechanical properties of a sample, locally,

within one experiment (however, in the case of the nuclear envelope it should not

be considered as an absolute value). The form of the Hertz model is as follows:

F =
4

3
× Eeff

1− ν2
×
√
r × δ3/2,

where F is force (Newtons); Eeff is the effective Young’s modulus (Pa); ν is the

Poisson’s ratio (i.e., the ratio of transverse to axial strain) and is here assumed to

be a fixed value (0.5) for convenience; r is the tip radius, and is assumed to be 2 nm

(this is the manufacturer’s specification for an MSNL-E); and δ is the indentation

depth (nm) below the sample surface.

By applying this model to each force curve generated from the force-capture modes,

and plotting the calculated Eeff values (MPa) as an intensity map, we can visualise

the mechanics of the soft material as a function of (x, y) coordinates, for each differ-

ent AFM mode (see Figure 3.1A–C, bottom row; the analysis protocols are outlined

in Methods section 2.6.2 and Figure 2.9).

The Eeff heatmap generated from Force Volume mode (Figure 3.1A) shows an

increased elastic response (white) from the central NPC transport channels, and

generally a greater Eeff from the scaffold structures as compared to the variable

background membrane. Near the inner-walls of the transport channel, there is a

noticeable decrease in the elastic response (this is reproduced with ensemble averaged

data sets, shown in Figure 3.2 later). This could be interpreted as a weaker area of

the FG-nup morphology (as the FG-nups stretch outwards towards the centre of the

channel, for example), but could also be due to the angle at which the AFM tip is
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Figure 3.1: Force Volume, PeakForce QNM at 250 Hz, and PeakForce
QNM at 2000 Hz applied to the cytoplasmic side of the NE. The top row
are schematics of the cantilever drive in the three different experiments; the second
row are images generated from each mode; and the third row are the concomitant
effective Young’s moduli (Eeff ) intensity maps — produced by fitting the Hertz
indentation model to each force curve from the image. (A) Force Volume ramps the
cantilever linearly with time (top row), and its sampling frequency is limited to the
tens of Hertz range. Its Eeff intensity map shows an increased elastic response in
the central channel of the NPCs where the AFM tip is interacting with the transport
barrier. (B) PeakForce QNM at 250 Hz. The cantilever is driven in a sinusoidal
manner, and the sampling frequency is increased by ∼20 fold — significantly in-
creasing the rate of data acquisition. Both the images and the Eeff intensity maps
are qualitatively similar to that of Force Volume. (C) PeakForce QNM at 2000 Hz.
The fast sampling rate means high resolution images can be acquired in little time;
and from inspection of the Eeff heatmap, little or no force information has been
lost. Scale bars: 100 nm. Colour scales: 90 nm and 2 MPa (A); 80 nm and 2.5 MPa
(B); 70 nm and 4 MPa (C).
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making contact with the soft material. From the AFM images, the NPC transport

channel is seen to be bowl-shaped, and therefore, if the AFM tip makes contact with

the sides of the bowl, where the gradient is at its steepest, the tip could feasibly

slip, giving an artefactually lower elastic response. Unfortunately, it is not possible

to tell whether this is real or not. However, the greater elastic response rendered

from the centre of the transport channel, where the tip is unimpeded, is real (as

here, the sample is flat). Furthermore, the elastic response from the background

nuclear envelope is spatially very varied, sometimes rendering a large elastic response

(white), sometimes a small one (dark). This is because the tip is interacting with

different soft materials — likely influenced by the various cytoskeletal structures

found on the nucleoplasmic side of the membrane (such as the lamina meshwork

and actin filaments), as well as by the contact of the nuclear envelope with the

underlying substrate.

The Eeff heatmap generated from PeakForce QNM mode at 250 Hz (now sampling

at a frequency ∼20 times faster; Figure 3.1B) displays no significant differences to

that generated from Force Volume mode. The NPC transport barriers often give a

strong Eeff , and the structural scaffold can be differentiated from the background

membrane, which gives a varied Eeff . This is also true for PeakForce QNM at 2

kHz (now sampling at a frequency ∼200 times faster than that of Force Volume), as

seen from Figure 3.1C. The images produced are of very high spatial resolution, as

it is now feasible to over-sample by a factor of 2–4, whilst still capturing an image

— with a pixel resolution of ∼1–3 nm/pixel — in ∼2 minutes.

These results show that PeakForce QNM, at sampling frequencies∼200 times greater

than that of Force Volume, still has the force-sensitivity to qualitatively resolve

changes in elastic response of soft materials at the nm length- and pN force-scales.

3.2.2 Nanomechanical characterisation of the transport bar-

rier

Further to applying the Hertz model to force curves to obtain the effective Young’s

modulus, it is also possible to take the first derivative of a force curve (i.e., the

force gradient) to obtain a stiffness curve (pN/nm). This gives information on the

nanomechanics of a soft material as a function of indentation. In this section, the

force data — captured from the three different modes — are averaged over many

NPCs, depending on their radial position from the NPC’s central axis of rotation.

The local stiffness is next plotted as an intensity map as a function of the vertical

and radial position of the AFM tip inside the NPC (see Methods section 2.6.2 for
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Figure 3.2: Comparing Force Volume with PeakForce QNM. (A) Force data
acquired on the cytoplasmic face of NPCs in Force Volume mode at 12 Hz (n =
56). The stiffness heatmap (top row) renders stiffness (red) in the transport channel
and at the scaffold. The dashed-black line is the point of initial contact between
AFM tip and NE (hereby termed the true height), whilst the grey fill is the height
at maximum indentation. The local stiffness enhancements are mirrored in the Eeff
plot (second row), i.e., increased elastic response from the transport channel and
scaffold. The grey circles are radially averaged Eeff values from individual NPCs,
the blue line is the average Eeff , and the shaded blue area is the standard deviation.
Selected force and stiffness curves (rows 3 and 4) show the relatively high stiffness
response from the central channel (the first radial bin: 0nm; red line). (B) Same
as (A) but recorded with PeakForce QNM at 250 Hz (n = 56). Here, stiffness is
recorded at the central channel but not at the scaffold. However, the force curves
display more noise in their baseline. (C) Same as (B) but recorded at 2 kHz (n =
145). Qualitatively the same results are obtained as from Force Volume (A). Each
experiment was conducted on one nuclear envelope. Force at maximum indentation,
Fmax (±10% confidence interval): 371 pN (A), 314 pN (B), 397 pN (C).
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the methodology of the analysis scripts used to produce these plots, as well as Figure

2.9 for a schematic illustrating how these plots are made).

Figure 3.2 shows the stiffness heatmaps (top row) from the three data sets. The

heatmap produced with the Force Volume data (Figure 3.2A) displays greatest stiff-

ness in the central transport channel, and at the cytoplasmic scaffold structure;

and less stiffness at the inner-walls of the transport channel, and from the nuclear

envelope — this is also reflected by the rotationally symmetrised (and averaged)

Eeff data (second row). This result is in agreement with previously published work

which used different analysis scripts written in Mathematica [31]. Furthermore, from

direct inspection of the averaged force curves (third row), it can be seen that the

force curves from the first radial bin (red line), and from 45 nm from the centre of

the NPC (blue line) — which represents the scaffold ring structure — rise to the

PeakForce setpoint at a faster rate than the force curves 20 nm from the centre

(representing the inner-walls of the transport channel; black line), and 60 nm from

the centre (representing the nuclear envelope; magenta line). This is reflected in

the stiffness curves (bottom row), which shows the greatest stiffness response from

the centre of the NPC (red line). When comparing the shape of the force and stiff-

ness curves to those generated from DFT calculations of an AFM tip interacting

with either weakly cohesive polymers in a cylinder (i.e., with a polymer•polymer

interaction strength, εpp = 0.02 [31]), or polymers which are just cohesive enough

to form a condensate in the centre of the channel (εpp = 0.05 [31]) , it is clear that

the experimental data better matches the DFT calculations in which εpp = 0.05 (see

Figure 3.3). This suggests that the FG-nups are just cohesive enough to form — at

least transiently — condensates in the centre of the pore lumen.

Figure 3.2B shows the results from the same experiment using PeakForce QNM at

250 Hz. Both the stiffness heatmap and the rotationally symmetrised Eeff plot show

the greatest stiffness in the central transport channel, although a weaker signal is

now given by the scaffold structure. Furthermore, more noise is visible in the force

and stiffness curves (when compared to those generated by Force Volume). Finally,

the results rendered from PeakForce QNM at 2 kHz (Figure 3.2C) are qualitatively

very similar to those produced by Force Volume: the greatest stiffness and elastic

responses are obtained from the central transport channel and the cytoplasmic ring

structure.

However, the absolute numbers rendered from the rotationally symmetrised Eeff
and from the stiffness curves show higher elastic and stiffness responses from the

cantilever in PeakForce QNM mode (especially at 2 kHz) as compared to Force Vol-

ume — by a factor of ∼2–3. There are many possible reasons for this, many of which
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Figure 3.3: Averaged force curves from the central channel suggest that the
FG-nups are cohesive enough to condense in the centre of the pore lumen.
(A) The averaged force curves from the first radial bin (the centre of the NPC) from
the three different imaging modes — PeakForce QNM at 2 kHz (green diamonds),
PeakForce QNM at 250 Hz (red crosses), and Force Volume at 12 Hz (blue circles)
— plotted with DFT calculated force curves for FG-nups that exhibit little cohesion
(polymer•polymer interaction strength [εpp] = 0.02; dashed-black line [31]), and for
FG-nups that are just cohesive enough to form a central condensate (εpp = 0.05; solid-
black line). (B) Stiffness curves of the force curves displayed in (A). DFT-calculated
force and stiffness curves are reprinted with permission from Springer Nature, Nature
Nanotechnology, “Nanoscale stiffness topography reveals structure and mechanics
of the transport barrier in intact nuclear pore complexes”, A. Bestembayeva et al.
Copyright (2014). DOI: 10.1038/nnano.2014.262. [31].

have been discussed previously: the sinusoidal drive of the cantilever at high fre-

quencies in PeakForce QNM mode means the velocity of the AFM tip is constantly

evolving and is sometimes very high, which could induce different viscoelastic re-

sponses from the soft material; driving the cantilever in the kilo Hertz range can

sometimes approach the resonance frequency of the cantilever, leading to coupling;

and finally, the background subtraction parameters need constant updating as the

imaging conditions evolve, which is done by the user and not updated automatically

by the software. If incorrect, they could lead to artefactually stiff force curves.

Furthermore, it is worth noting that, counter-intuitively, the results from PeakForce

QNM mode at 2 kHz are qualitatively more similar to the Force Volume results than

are the results rendered from PeakForce QNM at 250 Hz. This is perhaps because,

in the data presented here, greater over-sampling was used to acquire the 2 kHz

data as compared to the 250 Hz data. The resultant force curves from each pixel

are therefore an average of more data points for the 2 kHz data set. Alternatively,
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it is possible that the background subtraction algorithms, used to produce the final

force curves, may be optimized (by the manufacturer, Bruker) for 2 kHz ramps, as

this is a more convenient frequency (i.e. faster) for acquiring images.

Figure 3.4: Nanomechanical mapping of the NPC by Force Volume and
PeakForce QNM (2 kHz) renders qualitatively similar results. (A) Cyto-
plasmic face of NPCs acquired in Force Volume (top row). The stiffness heatmap
(second row; n = 56) shows stiffness in the central channel and at the scaffold struc-
ture. This is reflected by the rotationally averaged Eeff (bottom). (B) Stiffness
heatmap and Eeff of cytoplasmic NPCs as measured using PeakForce QNM mode
(2 kHz) give qualitatively the same results as rendered from Force Volume (A),
with the largest stiffness and elastic responses recorded at the scaffold structure
and transport barrier of the NPCs (n = 145). (C) Force Volume mode applied to
the nucleoplasmic side of the NPCs. The lamina meshwork is seen as the ordered
network of protofilaments in the background, and the NPC transport barriers are
occluded somewhat by the nuclear basket. The stiffness and elastic response at the
centre of the NPC drastically diminishes when compared to the cytoplasmic face of
the NPC (n = 49). (D) In PeakForce QNM mode, at 2 kHz, the nuclear baskets
are better resolved. The lamina meshwork is also seen. Furthermore, qualitatively
the same stiffness heatmap and Eeff plot is produced as those from (C). The true
height measurement (i.e., the dashed-black line) displays a small peak in the centre
of the NPC, as the nuclear basket protrudes from the scaffold structure (n = 19).
Each experiment was conducted on one nuclear envelope. Scale bars: 100 nm (A–
D). Colour scales (see D, height image, top right): 70 nm (A–C); 80 nm (D). Fmax
(±10% confidence interval): 371 pN (A), 397 pN (B), 480 pN (C), 300 pN (D).

Finally, to provide further evidence that PeakForce QNM (at 2 kHz) has similar
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force sensitivity to Force Volume, the two modes were applied to subtly different

soft materials: the cytoplasmic side of the NPC (Figure 3.4A and B), and the

nucleoplasmic side (Figure 3.4C and D). As discussed previously, the cytoplasmic

side (Figure 3.4A and B) renders an increased stiffness response from the central

transport channel and the structural scaffold. The nucleoplasmic side, however,

shows stiffness at the scaffold structure, but not from the central channel (Figure

3.4C and D). This is likely due to the presence of the soft/flexible nuclear basket.

Importantly, this change is detected by both Force Volume mode and PeakForce

QNM mode (2 kHz).

3.3 Discussion

Taken together, this data demonstrates that PeakForce QNM is sensitive enough

to detect the same local variations in nanomechanical properties as Force Volume

mode, which has previously been applied to NPCs [31], but which has rather low

throughput and is sensitive to thermal drift. When inspecting the Eeff intensity

maps from the cytoplasmic side of the nuclear envelope in Force Volume mode,

PeakForce QNM (250 Hz), and PeakForce QNM (2 kHz) (see Figure 3.1), all three

demonstrate an increased elastic response from the central transport channel of the

NPC. This can also be observed by inspection of the stiffness heatmaps (see Figure

3.2). However, the absolute Eeff numbers obtained from PeakForce QNM mode —

at both sampling frequencies — tend to be ∼2–3 times larger than those generated

from Force Volume, in similar force regimes. Consistently, the indentation depths

appear smaller for similar maximum indentation force (see the stiffness heatmaps in

Figure 3.2). This is possibly due to different viscoelastic responses from the nuclear

envelope, induced by different velocities of the approaching AFM tip (between the

different imaging modes). It therefore follows that PeakForce QNM is not entirely

quantitative, due to reasons stated earlier, i.e., driving the cantilever in the kilo Hertz

range can sometimes approach the resonance frequency of the cantilever, leading to

coupling; the greater bandwidth required to record the force curves introduces more

noise; and finally, the background subtraction parameters need constant updating

as the imaging conditions evolve, which is done by the user and not updated auto-

matically by the software. The results it gives should therefore be considered more

qualitative than quantitative as far as the measured force and stiffness curves are

concerned, though they have still quantitative value for comparisons between paired

experiments.

Not only has this data validated PeakForce QNM as a semi-quantitative nanome-
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chanical technique, it has also provided further evidence for the cohesive properties

of the FG-nups inside the NPC. The Force Volume data acquired on the cytoplasmic

side of the NPC reproduces the data published by Bestembayeva et al. (2015) [31];

and the resultant stiffness curves from the central transport channel (see Figure

3.2A, bottom row, red line) are most akin to the DFT-modelled stiffness curve of

an AFM tip interacting with polymers which are just cohesive enough to form a

central polymer condensate (see Figure 3.3). This data suggests, therefore, that

the FG-nups inside the NPC are cohesive enough to form — at least transiently

— condensates in the centre of the pore lumen, and that for a transport event to

occur, NTR•cargo complexes would need to dissolve through the meshwork of FG-

nups. This, however, does not exclude the entropic contribution to the FG-nup

morphologies, which also plays an important role [1, 47,82,88].

In the next chapter, PeakForce QNM mode (2 kHz) is used for both high-resolution

imaging of the nuclear envelope, and for probing the nanomechanics of the transport

barrier with nuclear transport receptors (NTRs).



Chapter 4

The transport barrier: FG-nup

morphologies and the role of

NTRs

The following chapter is based upon a paper that has recently been published: G.

J. Stanley, A. Fassati, and B. W. Hoogenboom, “Atomic force microscopy reveals

structural variability amongst nuclear pore complexes”, Life Science Alliance, 2018.

DOI: 10.26508/lsa.201800142 [116].

4.1 Introduction

The FG-nups anchored to the inner-walls of the central channel are integral to

the functioning of the transport barrier (genetic knockouts of the GLFG repeat

domains of specific yeast FG-nups leads to cell death [117]), and yet their exact role

in the nucleocytoplasmic filtering mechanism is not known. This is partly because

they are intrinsically disordered, and therefore very difficult to characterise using

traditional structural techniques reliant on ensemble averaging; and partly because

they are located inside the NPC’s central channel, making them challenging to probe

directly by experiment. They can be isolated and studied in vitro, but it is likely

their collective behaviour that leads to the formation of a selective barrier — and this

will be affected by removing them from the hour-glass shape of the NPC’s central

channel. Consequently, whilst our understanding of the NPC’s structural scaffold is

being revealed in ever increasing detail [11–15], the functionally most relevant part

75
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of the NPC, the central transport channel, remains poorly characterised at best.

As discussed previously in Chapter 1, the morphology of these FG-nups has tradi-

tionally been hypothesised as something resembling a diffuse polymer brush domi-

nated by entropic effects [32], or a dense hydrogel [74] (for a review, see [1]). How-

ever, more recent studies of FG-nup behaviour in planar films, coupled with com-

putational modelling work, have suggested that FG-nups demonstrate a balance

of both these two extreme behaviours [47, 82], with a possible propensity towards

gel formation [118]. Furthermore, from a nanomechanical characterisation of intact

NPCs, backed-up by computational modelling, it has been predicted that the co-

hesive properties of the FG-nups are tuned such that they can readily transition

between different (meta-)stable collective morphologies (these results have been fur-

ther corroborated in the previous chapter) [31, 88]. This would allow the collective

rearrangement of FG-nups at little energetic cost, thus enabling both the passage of

large cargoes and the fast resealing of the barrier. Consistent with this prediction,

slowly transitioning “clumped” morphologies have recently been observed for recon-

stituted FG-nups inside synthetic NPC mimics [119]. However, there remains a need

for an experimental method that can directly visualise the collective behaviour of

FG-nups inside a single, intact NPC. With a high signal-to-noise ratio, no chemical

tagging or fixation, and the ability to image in solution at ambient temperatures,

atomic force microscopy (AFM) is one such method.

Over the past two decades, AFM has been extensively applied to isolated nuclear

envelopes [31,55–59,61–68,113,115,120–122]. However, whilst some of these studies

have shown the presence (or absence) of a “central plug” [113], and others have pos-

sibly displayed the fluctuations of FG-nups at the NPC’s cytoplasmic periphery [69],

the spatial resolution has hitherto been too low to visualise the collective behaviour

of FG-nups inside the central channel. In this chapter, taking advantage of en-

hanced control of the probe-sample interaction, reproducibly sharper AFM probes,

and increased speed of data acquisition, high-resolution AFM is applied to isolated

Xenopus laevis oocyte nuclear envelopes. The images reveal some of the complexity

at the nuclear envelope, showing the interplay between the lamina meshwork, actin

filaments, and the NPCs — but of most functional importance, they show variability

amongst the NPC’s central channel, supporting the prediction that FG-nup cohe-

siveness is indeed tuned to allow collective rearrangements at little energetic cost.

Furthermore, using the fast force-spectroscopy method — PeakForce QNM (vali-

dated in the previous chapter) — force data is recorded on NPCs at high spatial

resolutions (∼3 nm/pixel), enabling a nanomechanical characterisation of the trans-

port barrier without ensemble averaging. And finally, using both high-resolution

imaging and the fast force-spectroscopy method (PeakForce QNM at 2 kHz), the
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effect of different NTRs is probed on the NPC’s central channel.

4.2 Results

4.2.1 High-resolution AFM imaging of the nuclear envelope

Figure 4.1: High-resolution AFM imaging of Xenopus laevis oocyte nu-
clear envelopes (cytoplasmic side) in solution. (A) AFM topography of the
cytoplasmic side of the nuclear envelope. White asterisks denote two (out of sev-
eral) possible appearances of cargo molecules stuck in transit (see text). The white
arrows show instances of NPCs connecting to one another — likely by their cyto-
plasmic filaments. (B-G) Magnified views of NPCs cropped from (A), highlighting
the observed variability in the pore lumens. Colour scales (height, see top right in
A): 100 nm (A), 60 nm (B-G). Scale bars: 300 nm (A), 100 nm (B-G).

Figure 4.1 contains high-resolution AFM images (∼1.5 nm/pixel) of the cytoplas-

mic side of a nuclear envelope that was mechanically isolated from a Xenopus laevis

oocyte (see Methods section 2.1.2). Consistent with their appearance in previous

AFM experiments [31, 55, 63, 67, 69, 113, 115, 121], NPC scaffolds stand out against

the nuclear envelope as ring shapes of 87 ± 4 nm in diameter (defined as the peak-

to-peak distance in the rotationally averaged height profile, corresponding to the

heighest point of the scaffold structure; n = 583; see Figure 4.2 and Methods section

2.6.5 for the analysis protocol). Spindly protrusions are sometimes seen emanating

from the scaffold structure, presumably representing the cytoplasmic filaments. In

some cases, these appear to bind one NPC to another (see white arrows in Fig-

ure 4.1A); this connection between NPCs is consistent with the finding that some
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Figure 4.2: NPC sizes (cytoplasmic side). (A) AFM images and image analysis.
The top row shows the NPC of interest (asterisk) near other NPCs with the usual
pore radius of ∼44 nm. The second row shows the cropped NPCs from smallest to
largest. The third row shows height profiles of rotationally symmetrised pores (blue
line). NPC radii were determined from the radial positions of the peaks (red crosses)
in the height profiles, corresponding to the maximum heights of the NPC scaffolds.
Minimum and maximum radii shown here are consistent with expectations for NPCs
consisting of 7 (expected radius: (7/8) × 44 = 39 nm) and 9 subunits (expected
radius: (9/8) × 44 = 50 nm), respectively. (B) Distribution of NPC radii (n =
583). The peak of the distribution lies between 42.5 and 45.0 nm, but some NPCs
are very small with a radius of less than 39 nm, and others are very large with a
radius greater than 50 nm. Scale bars: 100 nm. Colour scales (A): 85 nm (top row,
first image); 80 nm top row, other images); 70 nm (second row, left image); 60 nm
(second row, other images).

messenger ribonucleoproteins “scan” the cytoplasmic periphery before exiting the

cytoplasm [123]. Strikingly, each NPC has a unique appearance — particularly in

the pore lumen. Different structures are observed inside each NPC, as highlighted in

Figure 4.1B-G. These structures are identified in both the trace and retrace images,

and are therefore not attributable to noise in the experiment (see Figure 4.3). Fur-

thermore, repeat measurements of the same NPCs after 17 minutes show that the

different structures, unique to each NPC, are relatively stable with time: i.e., there
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are few discernible changes (see Figure 4.4). Some pores (e.g., Figure 4.1B) contain

a central protrusion that may be attributed to cargo stuck in transit [69,113]. Other

NPCs (e.g. Figure 4.1D and F) display structures spanning the lumen, reminiscent

of FG-nups condensing in the centre of the channel; and other NPCs (e.g. Fig-

ure 4.1C) show dense structures near the pores’ inner-walls, consistent with local

condensation of FG-nups as may result from their cohesive interactions in a con-

fined environment [88] — behaviour that has recently been observed in NPC mimics

containing reconstituted FG-nups [119].

Figure 4.3: Robustness of the AFM imaging as demonstrated by compar-
ing trace and retrace images. The top row shows the same NPC images as
displayed in Figure 4.1(B-G), built up from scan lines recorded from left to right
(“trace”). The second row shows images based on the recording of the right-to-left
line scans (“retrace”) during image acquisition, in near-perfect consistency with the
trace images of the same pores. The third row shows the height profiles through the
centre of each NPC (white-dashed lines) from both the trace (blue) and retrace (red)
images. The bottom row shows a schematic of the possible FG-nup conformations
(blue lines are FG-nups at thee cytoplasmic periphery; red circle is representative of
a possible cargo molecule). Scale bar for all images (see F, retrace): 100 nm. Colour
scale: 60 nm.

The enhanced spatial resolution and fidelity of the AFM images is further exemplified

at the nucleoplasmic side of the nuclear envelope (Figure 4.5). It is distinguishable

from the cytoplasmic side by the presence of diffuse protrusions on the NPCs, which

at higher magnification (Figure 4.5D-F) — and without need for chemical fixation

— can be identified as the nuclear baskets (a gallery of NPCs, imaged from both
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Figure 4.4: Repeat images show stability of observed morphologies in the
NPC lumen. Two images of the same area of the nuclear envelope, offset in time
by 17 minutes. Scale bars: 300 nm; colour scale: 70 nm.

sides of the membrane, is shown in Figure 4.6). In addition, these AFM images

reveal a network of tightly bunched filaments, with little or no spacing between

them, running in tandem around the NPCs (see white arrows in Figure 4.5A for

examples). In size and appearance, these resemble electron microscopy observations

of the lamin protofilaments comprising the lamina network, not previously observed

by AFM [124,125]. In Figure 4.5C, this meshwork appears stretched in comparison

to Figure 4.5A. This may be caused by different mechanical strain applied to the

nuclear envelope during sample preparation. Larger filaments (stretching over 100s

of nm; diameter of ∼9 nm: see Figure 4.5B) interweave around and above the NPCs.

They sometimes branch and appear to anchor to the nuclear envelope (see Figure

4.5A, inset). Given their widths and lengths, as well as their apparent anchoring to

the nuclear envelope, these can be identified as actin filaments. The NPC shown in

Figure 4.5F is unusually large with an estimated scaffold diameter (and hence cir-

cumference) consistent with a 9-fold instead of the usual 8-fold rotational symmetry

of the NPC [51, 126]. Further analysis of NPC sizes shows a Gaussian distribution

centred around a radius of 44 nm (consistent with an 8-fold rotational symmetry;

see Figure 4.2). In a sample of 583 imaged NPCs, 16 are found to have a radius less

than 39 nm, and 10 to have a radius greater than 49 nm — these are likely NPCs

with 7-fold (expected radius: (7/8) × 44 nm = 39 nm) and 9-fold (expected radius:
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Figure 4.5: High-resolution AFM imaging of intact Xenopus laevis oocyte
nuclear envelopes (nucleoplasmic side) in solution. (A) The nucleoplasmic
side of the membrane. The lamina meshwork is observed as tightly bunched fila-
ments running in tandem around the NPCs, with little or no spacing between them
(white arrows show patches of exposed lamin protofilaments). In addition, there are
longer filaments (presumably actin) that interweave around the NPCs, sometimes
branching. Inset: Apparent branching and termination — and possibly anchoring —
of such filaments on the nuclear envelope. (B) Height-cross section of white-dashed
line in (A), showing filament has a diameter of ∼9 nm. Due to tip convolution
effects, this will be larger than the real diameter, and is therefore consistent with
∼8 nm diamter nuclear actin filaments as recorded by EM [124]. (C) As (A), but
with the lamina meshwork appearing more stretched. (D–F) Higher-magnification
images of NPCs revealing spoked structures consistent with the nuclear basket. The
NPC in (F) is unusually large with a scaffold diameter of 100 ± 4 nm: larger than
the usual measured diameter of 85 ± 4 nm (n = 282 for nucleoplasmic NPCs; see
also Figure 4.2). Colour scales (height, see top right in C): 100 nm (A and C); 70
nm (A, inset); 65 nm (D–F). Scale bars: 300 nm (A and C), 100 nm (A, inset) and
(D–F).

(9/8) × 44 nm = 50 nm) rotational symmetry, respectively.

Taken together, this data reveals striking heterogeneity and variability at both sides

of the nuclear envelope, revealing its overall organisation at unprecedented spatial
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Figure 4.6: High-resolution AFM imaging reveals heterogeneity amongst
NPCs. (A) Cytoplasmic face of NPCs. (B) Nucleoplasmic side of NPCs. Scale
bars: 100 nm.

resolution. Of particular physiological interest is the variability observed inside the

NPC lumens: it is consistent with computational predictions of FG-nups facilitating

nucleocytoplasmic transport by alternating between different condensed or clumped

collective arrangements [88,93]. These are expected to give rise to areas of different

local density and surface structure within the NPC lumen, as observed here. Such

conformational variability mostly eludes microscopy methods that heavily rely on

ensemble averaging for obtaining nanometre-range resolution [4, 11–15].

4.2.2 High-throughput nanomechanical characterisation of

the nuclear envelope

To better interpret the AFM images, it would require molecular identification as well

as information that extends below the top surface of the NPC. Whereas chemically
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specific AFM methods do not yet provide the required resolution, further informa-

tion is readily accessible via the (nano)mechanical properties of the sample — i.e.,

from force-spectroscopy methods. In previous studies, Force Volume mode was used

to indent an AFM probe more than 20 nm inside the NPC’s central channel [31].

These data sets were ensemble averaged, and the resultant averaged force curves

compared to DFT calculations, with the results suggesting that the FG-nups were

just cohesive enough (on average) to condense in the centre of the pore lumen. Now,

using the fast force-spectroscopy method validated in the previous chapter (Peak-

Force QNM at 2 kHz), it is possible to acquire force curves whilst recording images

at similar spatial resolutions as those demonstrated in Figures 4.1, 4.5, and 4.6.

By fitting the Hertz model to each force curve individually, and plotting the con-

comitant effective elastic moduli (Eeff ) as a heatmap, it is possible to characterise

the nanomechanical properties of individual NPCs without ensemble averaging —

as demonstrated in Figure 4.7 (see Methods section 2.6.2 and Figure 2.9 for the

analysis protocol).

When imaged from the cytoplasmic side (Figure 4.7A), the NPC scaffold ring struc-

tures are seen to protrude from the membrane, and their Eeff gives a sometimes

strong (white) response. Furthermore, some NPCs display a firm Eeff from their

pore lumen (e.g., the pores marked 2, 4, and 5) — suggesting the tip is interacting

with a stiff, dense material. The NPCs imaged from the nucleoplasmic side (Figure

4.7B), however, render soft (dark) Eeff values from their pore lumens at the position

of the nuclear basket. In addition, as expected, the lamina meshwork stands out

not only by its AFM topography, but also by its enhanced elasticity with respect to

the nuclear envelope. Interestingly, however, its Eeff tends to be less than that of

the nucleoplasmic NPC scaffold structures.

Importantly, there is variability between the different NPCs, both in the AFM to-

pography and in the Eeff heatmaps. NPC 1 shows a triangular structure protruding

over the lumen which gives a soft Eeff (Figure 4.7C). Both NPCs 2 and 3 display

gaps in the central channel at the cytoplasmic periphery, and yet they markedly

differ in their elastic response with one showing a central stiffness enhancement (2),

whereas the other renders a weaker Eeff (3). Similarly, pores 4–6 are all occluded

at the cytoplasmic periphery, yet only NPCs 4 and 5 give a strong central Eeff —

pore 6 gives a markedly reduced response from the central channel. This suggests

there exists relatively stiff, dense material deeper down inside the pore, which can be

more pronounced in some NPCs (e.g., pore 5), but largely absent in others within

the same image (pore 6). These signatures typically extend over multiple pixels

in the image, hence multiple force curves, and can therefore not be attributed to

measurement noise (they are also reproduced with subsequent scans — see Figure
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Figure 4.7: Nanomechanical characterisation of the nuclear envelope. (A)
Two images from the same sample showing the cytoplasmic side of the nuclear
envelope (top row), with the effective elastic moduli (Eeff ) — determined from
Hertz fits to individual force curves captured during imaging (bottom row; force
curve frequency: 2 kHz). (B) As (A), for the nucleoplasmic side of the membrane,
highlighting the NPC scaffolds and the lamina network as local enhancements in
height and Eeff ; and NPC baskets as local increases in height and as reductions in
Eeff . (C) Cropped pores from (A), highlighting the variability in transport channel
Eeff values for NPCs with similar topographies. Force at maximum indentation
(Fmax, 10% confidence interval): 397 pN (A); 300 pN (B). Scale bar for all images
(see A, top right panel): 100 nm. Colour scales: 70 nm and 6 MPa (A); 75 nm and
3 MPa (B).

4.8).

This data demonstrates that the spatial heterogeneities inside NPC lumens extend

over many nanometres laterally and vertically into the transport barrier, i.e., below

the top surface. They should therefore be attributed to collective molecular config-
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Figure 4.8: Recorded effective Young’s moduli (Eeff) are stable with time.
Two images of the same 400 nm wide area of cytoplasmic side of the nuclear envelope,
with concomitant Eeff heatmaps, recorded one after the other. The images show
no significant differences in the height (top) and Eeff (bottom) maps. Fmax = 397
pN ± 10%. Scale bars: 100 nm; colour scale: 65 nm (top row); 2.5 MPa (bottom
row).

urations inside the pores, most likely due to local condensation and rearrangements

of FG-nups and nuclear transport receptors. (Previous AFM and confocal fluores-

cence microscopy experiments have excluded trapped cargoes as a significant factor

in these measurements [31].)

4.2.3 Effects of nuclear transport receptors on the transport

barrier

This raises the question: How do soluble transport receptors affect the various

morphologies observed inside the NPC? To address this question, high-resolution
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AFM is used to visualize any changes to the NPCs upon subsequent addition of

Ran- and energy-mixes followed by NTRs to thus provide the cytosolic reagents

required for specific transport (see Methods section 2.2 for composition of Ran- and

energy-mixes). Two different NTRs were tested: Homo sapiens nuclear transport

factor 2 (hsNTF2), which is a homodimer with a molecular weight of ∼29 kDa, and

has two known FG-nup binding sites [44]; and, hsImpβ, which is a subunit of the

Impα•Impβ heterodimer, has a molecular weight of ∼100 kDa, and is estimated to

have 9 FG-nup binding sites [41].

Figure 4.9A shows the cytoplasmic side of the membrane, in import buffer, before

addition of exogenous protein. Upon addition of the Ran- and energy-mixes (Figure

4.9B), very little change to the structures inside the pore lumens is observed, al-

though some binding of proteins to the NPC scaffold is detected, as well as a slight

swelling of the barrier (shown by a very small increase in height in the rotationally

averaged plots: compare panels Figure 4.9E to F; see Methods section 2.6.5). After

addition of hsNTF2 (Figure 4.9C), again very little change is observed; the rota-

tionally averaged plot (Figure 4.9G) suggests that on average, no significant swelling

of the transport barrier occurs. However, after addition of hsImpβ, all NPCs fill

with protein (Figure 4.9D and H), and all NPC lumen structures change. After 50

minutes of imaging, all NPCs remain filled, suggesting the binding of hsImpβ to the

NPC is stable. When hsImpβ was incubated with the nuclear envelope (at concen-

trations as low as 200 nM), followed by multiple (6) washing steps with buffer to

leave only ∼0.1 nM of exogenous protein, it is still observed bound inside the pore

lumens (see Figure 4.10). Furthermore, when hsImpβ is added to the nucleoplasmic

side of the membrane (and the buffer is washed of all exogenous protein), it is still

seen to bind to the nuclear periphery of the NPC — further indicating that hsImpβ

strongly binds to the NPC (Figure 4.9I). This stable binding of Impβ is expected

because the Ran-mix does not contain RanGTP, which is known to bind Impβ [127],

and could therefore induce its release from the FG-nups. Furthermore, in these ex-

perimental conditions, RanGTP cannot be generated because the required nuclear

Ran guanine nucleotide exchange factor (RanGEF — also termed RCC1), is not

present in isolated NEs.

Furthermore, some NPCs display dynamic behaviour: one appears to undergo a

conformational change to the scaffold structure (Figure 4.9J), and others appear to

bind to neighbouring NPCs (Figure 4.9K). Both events occur in the presence of the

energy- and Ran-mixes. Whilst it is not possible to determine from these imaging

experiments alone whether these interesting events are of any functional importance,

their sightings are still noted.
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Figure 4.9: Effect of nuclear transport receptors on NPCs. (A–D) Images
from a video sequence of the cytoplasmic side of the nuclear envelope, in which,
step-by-step, many of the proteins (and chemical energy) required for the classical
import cycle of NLS-proteins are added to the system. (A) Cytoplasmic nuclear
envelope in import buffer. (B) After addition of the Ran-mix (1x) and energy-
mix (1x). (C) hsNTF2 (0.7 µM) is added to the samples. (D) hsImpβ (1 µM)
is added and all NPCs fill with protein. (E–H) The rotationally averaged height
profiles of the cross-correlation averaged NPCs from the images displayed in (A–D),
respectively, showing a filling of the pore lumen and some increase in the pore rim
height upon incubation with hsImpβ. Shaded areas are the standard deviation. (I)
Nucleoplasmic side of the membrane before (top) and after (bottom) addition of
hsImpβ (1 µM). (J and K) Cropped pores from the image sequence (A–D) showing
changes as a function of time. Scale bars: 600 nm (A–D); 300 nm (I); 100 nm (J
and K). Colour scales: 150 nm (A–D); 80 nm (I–K).

Nanomechanical measurements can again provide information on how far the ob-

served phenomena extend below the NPC surface, following a procedure applied
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Figure 4.10: Importin-β remains bound to NPCs after washing. (A) Cyto-
plasmic side of the NE before (left) and after (right) addition of exogenous Impβ
(imaged by Tapping mode AFM). After incubation with Impβ (0.2 µM; 25 min),
followed by extensive washing with buffer to leave ∼0.1 nM of exogenous protein
in the buffer, all pores are seen to contain protein in their lumen. This is also seen
in the phase (bottom row). (B) Same as for (A), except the Impβ concentration is
increased to 2 µM (leaving a cocentration of ∼1 nM after washing). Scale bar for all
images: 300 nm (see height images after Impβ incubation). Colour scales: 200 nm
(A, height images), 150 nm (B, height images), and -3◦:3◦ (A and B, phase images).

previously [31], but here carried out at enhanced speed (see Chaper 3 and Methods

section 2.6.2). Consistent with the AFM imaging results (Figure 4.9C and G), the

addition of hsNTF2 results in little change to the nanomechanical properties of the

NPC transport barrier (Figure 4.11A). On the other hand, after injection of hsImpβ
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Figure 4.11: Differences between importin-β and NTF2 binding in the
NPC. (A) Stiffness heatmap of the cytoplasmic NPC surface before (left; n = 51)
and 5 minutes after (right; n = 24) addition of hsNTF2 (3 µM). Before addition
of hsNTF2, stiffness is seen at the cytoplasmic ring structure, and in the central
transport barrier (see also Figure 3.4) — and, after addition of hsNTF2, the same
pattern is observed. (B) Cytoplasmic NPC surface before (n = 66) and 5 minutes
after (n = 67) addition of hsImpβ (1 µM), showing filling and homogenisation of
the central channel. (C) Cytoplasmic NPC surface before (n = 26) and 5 minutes
after (n = 41) addition of hsImpα (1 µM) and hsImpβ (0.8 µM), showing a similar
effect. (D) Nucleoplasmic NPC surface before (n = 34) and 5 minutes after (n = 34)
addition of hsImpβ (0.9 µM). Without hsImpβ, the NPC shows a soft centre due to
the presence of the flexible nuclear basket (see also Figure 3.4). hsImpβ increases
the height profile in the centre of the NPCs and homogenises the stiffness across the
central channel. All data was acquired using PeakForce QNM (2 kHz), and each
experiment (control and with NTRs) was conducted on one nuclear envelope. Fmax
(10% confidence interval): 350 pN (A); 283 pN (B); 300 pN (C); 397 pN (D).

(Figure 4.11B), the average transport barrier height increases and the stiffness is

homogenised across the pore. A similar effect is observed after addition of both

hsImpα and hsImpβ together (Figure 4.11C): i.e., a considerable swelling of the

transport barrier and a smearing of the nanomechanical properties across the pore.

Similarly, on the nucleoplasmic side of the NE, when hsImpβ is added a swelling in

the pore lumen is recorded as well as an increase in its stiffness (Figure 4.11D).

Both the imaging experiments described previously (see Figure 4.9) and the stiff-

ness heatmaps displayed here (Figure 4.11), show that hsImpβ binds stably to the

transport barrier and changes its nanomechanical properties, whilst hsNTF2 has

no significant effect. It is probable that the smaller hsNTF2 is optimized to pass

through the NPC very quickly to maintain the RanGDP:RanGTP gradient (its mass

of ∼29 kDa is anyway less than the ∼30-40 kDa exclusion limit for active trans-

port [24,32,128,129]), without having to break many FG-nup•FG-nup interactions.

Larger nuclear transport receptors, however, will require more (or stronger) FG-nup
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binding interaction sites to penetrate the barrier. As such, they are expected to

break FG-nup•FG-nup interactions, thereby rearranging the transport barrier — as

observed here for hsImpβ and the hsImpα•hsImpβ heterodimer (and as previously

observed with Force Volume measurements for hsImpβ at the NPC’s cytoplasmic

periphery [31]).

4.3 Discussion

The high-resolution AFM imaging experiments, of both sides of the membrane, have

revealed the complexity at the nuclear envelope in astonishing detail (Figures 4.1 and

4.5). NPCs with 7- and 9-fold rotational symmetry have been identified (Figure 4.2),

confirming earlier reports of 9-fold symmetric NPCs, and in accordance with fluores-

cence studies that suggest a certain degree of “architectural plasticity” [51,54,126].

In addition, the images reveal dynamic behaviour of NPC scaffold structures (Figure

4.9J and K), as well as tightly packed lamin protofilaments and interweaving actin

filaments, never before resolved by AFM (Figure 4.5). Furthermore, nanomechanical

measurements highlight the great strength of the NPC scaffold structure, suggesting

that NPCs have a significant role to play in the mechanical stability of the nucleus

(Figure 4.7).

Beyond these observations on the general architecture and organisation of the nu-

clear envelope and NPC scaffold, high-resolution AFM images demonstrate that no

NPC is the same and that differences are particularly noticeable for the function-

ally most relevant part of the NPC: the disordered FG-nups of the central channel.

A majority of the NPCs show ∼10-20 nm height variations at various locations

inside the pore lumen (Figure 4.4), going well beyond the presence/absence of a

“central plug” as noted in earlier AFM studies [69, 113]. In fact, the features re-

solved inside the NPC lumen are consistent with computational predictions of vari-

ous meta-stable FG-nup conformational states [88, 93], and more importantly, they

resemble (in shape and size) the slowly transitioning FG-nup morphologies recently

observed inside mimetic NPCs [119]. These structures are therefore interpreted as

FG-nups that have condensed into different morphologies, although it is likely that

there will also be a contribution from endogenous nuclear transport receptors (Fig-

ure 4.12). Some pores show FG-nups condensed to the inner-walls of the channel

at the cytoplasmic periphery (Figure 4.1C), whilst others display a meshwork-type

conformation with FG-nups occluding the entire channel (also at the cytoplasmic

periphery; Figure 4.1D) — others show a mixture of both (Figure 4.1F). It is also

worth noting, however, that some more diffuse FG-nups are probably present above
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the NPCs — i.e., emanating into the solution — but of too low density/cohesiveness

to be detected by AFM.

Figure 4.12: Proposed role of nuclear transport receptors in the transport
barrier. (A) In the absence of transport receptors, the FG-nups can readily alter-
nate between morphologies with enhanced density at the wall (left column) and at
the centre (middle column) of the NPC channel. Added transport receptors leads
to a homogenisation of the FG-nups across the pore lumen, provided that their
binding avidity to the FG-nups is strong enough (as for hsImpβ). Smaller trans-
port receptors, such as NTF2, translocate the transport barrier very quickly without
significantly rearranging the FG-nups. (B) Images of NPCs consistent with the dif-
ferent proposed conformations. Scale bars: 100 nm. Colour scales are: 70 nm (left
and middle image); 100 nm (right image).

The functional relevance of these observations lies in the possibility of FG-nups

to transition between different collective conformations to facilitate transport. The

large variety of conformations suggests that the cohesiveness of the FG-nups is tuned
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such that stable FG-nup morphologies lie close to transition states (as has been pos-

tulated in previous theoretical studies [88]). This would allow large conformational

rearrangement at little energetic cost, thus enabling both the passage of large cargoes

and the fast resealing of the barrier. In this interpretation, the observed structures

are kinetically trapped meta-stable states of FG-nup morphologies — and indeed,

time-lapse imaging of the same NPCs shows that these structures are static at the

time-scale of our measurements (Figure 4.4). Beyond these static features, some

dynamics may be present at the ∼1 nm length scale [69], but in the experiments

presented here, any such dynamics do not exceed the measurement noise (Figure

4.3).

In addition to the FG-nups, nuclear transport receptors (especially those of the

Impβ family) have been proposed to play an important role in the formation of

the transport barrier [36, 48–50, 130]. In fact, they are likely to contribute to the

structural variability observed inside the NPC lumens, and they may also account for

their static nature, as, even for isolated NPCs, transport receptors and cargos in the

central channel may exceed — in terms of mass — the FG-nups by threefold [14]. In

this study, the addition of exogenous Impβ and the Impα•Impβ heterodimer resulted

in an irreversible filling of the NPCs and homogenisation of their nanomechanical

properties (Figure 4.9, Figure 4.10, and Figure 4.11). This suggests that some Impβ

(and possibly some Impα•Impβ heterodimers) are at all times bound to/in the

transport barrier, in accordance with other single-molecule fluorescence studies [36].

On the other hand, the addition of the smaller nuclear transport receptor, NTF2,

did not yield any significant changes to either the observed FG-nup morphologies or

to the averaged nanomechanical properties of the transport barrier (Figure 4.9 and

Figure 4.11). It should be noted, however, that these measurements were taken in

the absence of a functional Ran cycle, which is likely required for the release of Impβ

from the NPC by continuously providing RanGTP in the nucleus (see Introduction

section 1.3) [99].

The observed differences for Impβ and NTF2 can be reasoned by the size of these

proteins and the number of their FG-nup binding sites. NTF2 is a small homod-

imer (∼29 kDa) with two FG-nup binding sites [44] — it is anyway smaller than

the active transport threshold of the NPC (∼30-40 kDa [24, 32, 128, 129]), and is

probably optimized to slip through the transport barrier quickly to maintain the

RanGDP:RanGTP concentration gradient. Impβ, on the other hand, is significantly

larger (∼100 kDa) and has many more FG-nup binding sites (∼9) [41]. Therefore,

due to its larger volume, it should encounter a greater free energy barrier to pene-

trating the transport barrier (relative to NTF2), as there will be an entropic penalty

to limiting the FG-nups’ configurational space, and a further penalty for disrupt-
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ing FG-nup•FG-nup interactions. However, these effects are compensated by its

multiple binding sites, such that even with weak individual FG-nup•Impβ bind-

ing interaction strengths [45], the overall binding avidity is relatively strong. In

the experiments presented here, this translates to a change in the various trans-

port barrier structures (Figure 4.9), and to their nanomechanical properties (Figure

4.11). In a physiological context, this suggests that Impβ (with its many binding

sites) cross-links the FG-nups to create a meshwork that occludes the entire chan-

nel, thereby making the transport barrier more selective (see Figure 4.12) — i.e., it

may be considered as an “intrinsic” component of the barrier [36, 48–50, 130]. This

strongly suggests that transport events require that NTRs are — at least in part

— exchanged between the transport barrier and the solution, i.e., that it is rather

costly to release a cargo•NTR complex from the FG-nups without substitution by

other NTRs (or by other cargo•NTR complexes).

In summary, these high-resolution AFM imaging results complement recent struc-

tural studies [4,11,12,14,15] by highlighting structural variability that is otherwise

lost by ensemble averaging. The observed variability in the NPC lumen is consis-

tent with a functional scenario in which FG-nups can transition between different

metastable collective conformations to facilitate transport, enabling both the pas-

sage of large cargoes and the fast resealing of the barrier. The results also highlight

differences between various NTRs and their interactions with the NPC. They em-

phasise the relatively strong binding of Impβ and its possible effects on maintaining

the transport barrier and on the mechanism of receptor (and thus also cargo) binding

and release during nucleocytoplasmic transport.



Chapter 5

FG-nup dynamics inside mimetic

and intact NPCs

5.1 Introduction

The high-resolution images presented in the previous chapter revealed the large

variability observed within the NPC lumens (see Figure 4.1), and the qualitatively

different binding behaviour of small (NTF2) and large (Impβ) nuclear transport

receptors (NTRs) (see Figures 4.9 and 4.11). The various structures observed in-

side the pore lumens are produced by condensed FG-nups, but also by endogenous

NTRs and cargo molecules bound inside the channel. As these FG-nups are seen to

condense into many different morphologies, it seems probable that the cohesive prop-

erties of the FG-nups are within a range such that they can collectively transition

between different metastable states (as has been postulated in previous modelling

studies [88]). This would allow collective rearrangement at little energetic cost, thus

enabling both the passage of large cargoes and the fast resealing of the barrier.

However, without chemical identification alongside the AFM imaging results, it is

impossible to know exactly what constitutes these different structures inside the

pore lumens — this is the major caveat of the results presented in chapter 4.

Recently, mimetic NPCs with a pore scaffold structure made from DNA origami have

been synthesised [119,131,132]. These pore structures have an inner-pore diameter

of ∼32-46 nm (see Figure 5.1A) — comparable to the Xenopus laevis’ NPC pore

lumen diameter of ∼36-40 nm [11]. Attached to the inner-walls of these DNA pore

structures are single-stranded DNA (ssDNA) handles that bind reconstituted FG-

94
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Figure 5.1: NucleoPorins Organised on DNA: “NuPODs”. (A) Schematic
showing the dimensions of the NuPOD. Grey is the DNA scaffold; red are the DNA
double helices formed after annealing the FG-nups; green are reconstituted FG-nups
and dark grey the MBP tags used for their purification. (B) Chemical composition
of the two different FG-nups probed: Nup100 (top) and Nsp1 (bottom). (C–E)
AFM images of NuPODs without FG-nups (C), with 48 Nsp1 molecules (D), and
48 Nup100 molecules (E). All images were recorded in buffer, and the NuPODs
were deposited on a supported lipid bilayer of DPPC:DDAB (3:1). (A) and (B) are
adapted with permission from [119]. Copyright (2018) American Chemical Society.
The AFM images (C–E) were captured by Bernice Akpinar. Scale bars: 20 nm
(C–E). Colour scales: 20 nm (C–E).

nups with complimentary ssDNA anti-handles, i.e., we have a system of NucleoPorins

Organised on DNA, or “NuPODs” as they are hereby termed (see Figure 5.1).

These NuPODs provide a well controlled, tuneable system for studying the collective

behaviour of FG-nups inside the pore geometry. The number of handles can be

changed to adjust the concentration of FG-nups inside the pore (or the grafting

density of disordered polymers on a surface [35]), and the type of reconstituted FG-

nup can also be changed (e.g., an FxFG or a GLFG repeat nup, see Introduction

section 1.2). We therefore have a system in which we know exactly which FG-nups
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are present and at what concentration, in the absence of any endogenous NTRs

or cargo molecules. When compared to experiments on intact NPCs, therefore,

this greatly facilitates the interpretation of FG-nup behaviour inside the transport

barrier.

Using this NuPOD system [119], two different FG-nups were annealed inside the

DNA scaffold structures at varying grafting densities: the S. cerevisiae Nup100 (or-

thologue of the metazoan Nup98), which is a cohesive GLFG-repeat nucleoporin; and

scNsp1 — orthologue of metazoan Nup62 and a less cohesive FxFG repeat nup (pa-

rameters for “cohesivity” can be found from studies on FG-nup planar films [47,82];

see Figure 5.1B). Using several experimental techniques (negative-stain TEM, single-

molecule switching super-resolution microscopy, and AFM) it was shown that both

FG-nups formed various condensed morphologies inside the ring geometry (with

negative-stain TEM, densities were observed inside the DNA scaffold structures with

as few as 8 tethered FG-nups — far below physiologically relevant FG-domain con-

centrations). The various condensed states of both Nsp1 and Nup100 seen inside the

NuPODs (Figure 5.1D and E) were similar in appearance to the different clumped

structures seen inside the real NPC, shown in the previous chapter. However, going

beyond the static appearance of the FG-nup morphologies, fast-scanning AFM also

revealed dynamic, slowly-transitioning clumps of FG-nups inside the NuPODs, with

both Nup100 (GLFG) and Nsp1 (FxFG) [119]. By repeatedly scanning the same

line across the centre of a NuPOD, a kymograph of NuPOD cross-sectional height

against time was produced, highlighting any changes in FG-nup arrangement at a

temporal resolution of ∼50 ms. FG-nup densities were observed to stochastically

transition, with changes to the recorded height fluctuations on the order of ∼5-10

nm — significantly above the AFM noise floor.

In this chapter, a methodology for quantifying the time-scale of these transitioning

FG-nup morphologies is presented. It is employed on the fast-scanning AFM data

previously published on the NuPOD system1 to characterise the behaviour of the two

different reconstituted S. cerevisiae FG-nups probed: the GLFG-repeat Nup100, and

the FxFG-repeat Nsp1. It is then also applied to the intact Xenopus laevis oocyte

NPC to quantify any dynamic behaviour detected inside the NPC’s central channel

(previously published work has suggested a detection of FG-nup fluctuations inside

the NPC [69]).

1All of the AFM data on the NuPOD system, analysed in this chapter, was captured by Bernice
Akpinar.
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5.2 Further methods

This section is concerned with the analysis scripts — written in MATLAB — used to

quantify the time-scales of the fluctuating, disordered proteins inside the NuPODs

(and later the real NPCs). All experimental details on the data capture for the

NuPOD system (done by Bernice Akpinar) can be found here [119], and the exper-

imental details for the capture of the fast-scanning data on the real NPCs can be

found in the Methods section 2.5.8.

5.2.1 Drift correction

As discussed in the Introduction above (section 5.1), as a means of recording the

fluctuating collective behaviour of FG-nups inside the NuPODs, kymographs of

cross-sectional height against time were recorded [119]. Using Tapping mode AFM

(see Methods section 2.5.3), the slow-scan axis was disabled when the AFM tip

was over the centre of a NuPOD (see Figure 5.2), at a line rate of 5, 10, or 20

Hz. The AFM tip then repeatedly passes over the same cross-sectional line of the

NuPOD at a temporal resolution much greater than that obtained from recording

video sequences (compare the 50 ms temporal resolution for 20 Hz line scanning

to produce kymographs with the 1.6 seconds/frame required to record the video

sequence shown in Figure 5.2A). The kymographs produced using this method (see

Figure 5.2C and D) are therefore the cross-sectional height of the NuPOD as a

function of time, where each pixel in the fast-scan axis should be the same point in

space. In order to quantify the time-scale of the FG-nup fluctuations, it is possible

to calculate the auto-correlation factor (R) of each pixel height (z) as a function of

time-lag (τ). That is, at a given time-lag, R measures how the height of a given

pixel correlates with the height at the same position at a time, τ , earlier. This would

therefore give information on the time-scales over which the fluctuations take place,

and for how long an FG-nup clump tends to persist in a given point in space.

However, for this analysis protocol to work, spatial drift in the experimental setup

must be minimised, otherwise a given pixel does not correspond to the same point

in space as a function of time. This would render the calculated R(τ) meaningless.

For this reason, all the kymograph data (for both the NuPODs and real NPCs)

were recorded on an AFM system with a closed-loop scanner (here, a Dimension

FastScan, Bruker), in which the sample position is continuously verified at ∼1 nm

accuracy. Nevertheless, lateral drift was observed (see the kymographs in Figure

5.2C and D, left panels). Therefore, before calculating the auto-correlation factor,
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Figure 5.2: Producing a kymograph from NuPODs. (A) Video sequence of
NuPODs annealed with 48 Nsp1 molecules captured at a frame rate of 1.6 sec-
onds/frame (captured using Tapping mode AFM). (B) The slow-scan axis is disabled
over the centre of the NuPOD (red-dashed line) to begin recording the kymograph.
(C) Kymograph produced from the trace scan over the centre of a NuPOD with 48
Nsp1 molecules before (left) and after (right) drift correction. (D) Same as for (C)
but showing the retrace direction. The same features are shown in both trace (C)
and retrace (D) kymographs showing fluctuations are real and not attributable to
measurement noise. Scale bars: 20 nm (A and B); colour scales (colourbar in A, top
right): 20 nm (A and B); 25 nm (C and D).

R(τ), for each pixel, the kymographs must be drift-corrected.

To do this, one or more static features in the kymograph are selected (Figure 5.3A).

If one feature is selected, the height data extending both 12 nm to the left and right

of the selected point is cropped; if several features are selected (such as, for example,

both outside edges of the DNA origami structure), 12 nm of height data extending

to both the left and right of each selected point is cropped, and the cropped height

arrays are concatenated. The average of this (concatenated) height data array is then

calculated to create a template (Figure 5.3B). At the same cropped positions, each

row of height data in the kymograph (i.e., each array of height data at a given time

point), is then compared against this template using the sum of absolute differences

method (SAD), in which the absolute difference in height value at each position is

calculated, and all values are then summed. The lower the SAD score, the better

the correlation between the two height arrays. Each height array is then shifted 12

nm to the left in 1 nm intervals, and then 12 nm to the right in 1 nm intervals,
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Figure 5.3: Correcting for drift in kymographs. (A) A kymograph of a NuPOD
containing 48 Nsp1 molecules. A static feature in the kymograph is selected (usually
the edge of the DNA scaffold structure), and a region of the height data extending
12 nm either side of this feature is cropped (blue, transparent region). This data is
averaged to produce the template (blue line, B). (B) Each row of height data within
this region (example data is red line from red-dashed line, A) is compared to the
template (blue line). The height data (red) is shifted 12 nm in either direction, in
1 nm intervals, and the sum of absolute differences (SAD) between height values
is compared for each shift. (C) The lowest SAD score corresponds to the best
correlation, and the height data (red) is shifted to this position. (D) This process
is repeated for each row of height data in the array, resulting in the drift-corrected
kymograph. Colour scales: 20 nm (A and D).
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and the SAD score is calculated at each position. The entire row of height data is

then shifted to the position that gives the lowest SAD score (or best correlation;

Figure 5.3C). If shifted, however, this will result in missing data points at one end

of the height data array (if a row is shifted 6 nm to the left, for example, there will

now be 6 nm of missing data points at the extreme right end of the array). As it

is assumed that this region is background lipid bilayer, these data points are filled

in with random background noise between the values of -1 and 1 nm. This process

is repeated for each row of height data to produce the drift-corrected kymograph

(Figure 5.3D; see also Figure 5.2C and D)2.

With the kymographs corrected for experimental drift, each pixel with time should

correspond to the same position in space. Therefore, the autocorrelation factor,

R(τ), can now be calculated.

5.2.2 Auto-correction factor, R(τ)

As discussed briefly in the previous section (5.2.1), it should be possible to quantify

the time-scales of FG-nup fluctuations using an auto-correlation function, which can

find a periodic signal obscured by noise. In this study, the auto-correlation function

employed is of the form:

R(τ) = R(m∆t) ≡ Rm =
1

N −m

N−m∑
n=1

[(zn − z) (zn+m − z)] , (5.1)

where m and n refer to line numbers in the kymograph, N is the total number of

scan lines in the kymograph, and ∆t is time between consecutive scan lines. zn
denotes the pixel height (in nm) of a given position as a function of time (n∆t),

and z denotes the average pixel height at that position. To summarise, this function

quantifies the similarity in height values for a given pixel (in nm2), at a certain time-

lag — or, in other words, it tells us at which time-lags the FG-nup fluctuations are

in- or out-of-phase3. To demonstrate the outputs expected for differing behaviour

of fluctuating pixels, the auto-correlation function (described in equation 5.1), is

applied to different, modelled fluctuations (or kymographs; see Figure 5.4).

2For all the results presented in this chapter, both outside edges of the scaffold structure — for
both the NuPODs and real NPCs — were used for drift correction.

3It is also possible to normalise each pixel by its variance (σ2). This would give R(τ) values
between -1 and 1, at each time-lag, for each pixel, in which -1 is perfect anti-correlation and 1
is perfect correlation. However, to facilitate a comparison between experiments (in which all will
have different σ2 values for each pixel), this was not done.
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Figure 5.4: Interpreting the auto-correlation analysis heatmaps. (A) A
kymograph is produced (top row) by switching between the values -1 and 1 at a
frequency = 1 Hz; furthermore, at each pixel a random value between -3 and 3
is added to represent experimental noise (see text). The resultant R(τ) heatmap
(bottom row), recreates this periodicity. (B) Same as (A), but now, the periodicity
of the fluctuations is slightly perturbed. (C) Same as (B) except the periodicity
of the step function is perturbed further. (D) Random noise is generated for the
kymograph, leading to random noise in the R(τ) heatmap. All kymographs were
produced using MATLAB.

If we create a fluctuating step function, which periodically switches between two

arbitrary values (between -1 and 1 in this case) at a given frequency (and with

some added random noise), then we should expect the auto-correlation function

(equation 5.1) to showR(τ) > 0 at each period. In other words, it should recreate the
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periodicity of the function — and indeed, this is exactly what is observed (see Figure

5.4A). If we now perturb the step function, such that the signal can only switch

between -1 and 1 at each period with a 90% probability, i.e., we make the fluctuations

somewhat stochastic, the R(τ) heatmap still shows the periodicity hidden within the

function, but the correlation decreases with increasing time-lag, τ (Figure 5.4B).

If we now make the fluctuations mostly stochastic, by decreasing the probability

of the function switching between -1 and 1 at each period to 10%, correlation is

only recorded at shorter time-lags (Figure 5.4C). At longer time-lags, little to no

correlation is detected, i.e., the signal is now telling us over which time-lags the

fluctuations tend to persist. And finally, if the kymograph is just random noise,

noise is returned from the auto-correlation heatmap (5.4D).

Therefore, in relation to the kymographs produced by the NuPOD system, this func-

tion should reveal whether any periodicity is latent within the collective fluctuating

behaviour of the clumped FG-nups; and furthermore, whether any difference in be-

haviour can be detected between the two different proteins. In the following section,

the results from this analysis protocol are presented for kymographs produced from

NuPODs annealed with the more cohesive GLFG-repeat Nup100 molecule, and the

less cohesive FxFG-repeat Nsp1 molecule.

5.3 Results

For the AFM data collection, all NuPODs were deposited on a supported lipid bilayer

(SLB) formed of 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC; zwitteri-

onic headgroup) and dimethyldioctadecylammonium bromide salt (DDAB; cationic

headgroup) at a 3:1 molar ratio. They were imaged in a buffer of 10 mM PB and

26 mM MgCl2 at pH 7.0, using Tapping mode AFM with a FastScan-D cantilever

(Bruker; nominal f0 in water = 110 kHz, nominal k = 0.25 N/m, nominal tip radius

= 5 nm, and tip half opening angle of ≤20◦), on a Dimension FastScan (Bruker).

Further details for the experimental methods can be found at [119].

Details on the AFM data collection on intact NPCs can be found in the Methods

section 2.5.8. All data was also collected using a Dimension FastScan (Bruker) with

a FastScan-D cantilever using Tapping mode AFM (see Methods section 2.5.3).
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Figure 5.5: Auto-correlation analysis of empty NuPODs. (A) The kymograph
(top row) of an empty NuPOD recorded at a line rate of 5 Hz, with its concomitant
auto-correlation heatmap underneath (middle row). No signal is recorded in the
centre of the NuPOD or outside of the DNA scaffold structure as the tip interacts
with the lipid bilayer. The standard deviation of each pixel with time (bottom row)
also shows no signal in the centre of the DNA scaffold structure. Both trace (left
panels) and retrace (right panels) show similar results. (B and C) Same as (A) but
recorded at 10 and 20 Hz, respectively.

5.3.1 NuPODs

The NuPOD system is tunable, and can accept 0, 1, 8, 16, 24, 32, or 48 FG-nup

molecules, depending on how many ssDNA handles are designed into the scaffold

structure. The 48-handle architecture has ∼3 FG-nup molecules per 100 nm2, which

results in physiologically relevant concentrations of FG-nups inside the pore geome-

try (∼100 mg/ml) [117,133]. Therefore, the kymographs from NuPODs containing

48 Nup100 or 48 Nsp1 molecules are analysed. To begin, however, the results from

kymographs of empty NuPODs are presented (Figure 5.5). The kymographs them-

selves show no fluctuations in the lumen, as the AFM tip interacts with the lipid

bilayer — therefore, as expected, their auto-correlation heatmaps display noise (see
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Figure 5.4D). This is also true of the positions outside the DNA scaffold structure.

There is, however, a signal in both the auto-correlation heatmap and the σ plot

at the edges of the DNA scaffold structure (and sometimes on the DNA scaffold

structure itself). These “fluctuations” are artefactual. As the AFM tip comes into

contact with a large feature (such as the ∼14 nm high DNA scaffold structure), its

tracing is imperfect due to time-lags in the AFM feedback loop — this then appears

as stochastic, quick fluctuations in the auto-correlation heatmap, and as deviations

above the background noise in the σ plot. However, importantly, there is no sig-

nificant R(τ) signal recorded in the centre of the NuPOD, where no FG-nups are

present.

Figure 5.6: Auto-correlation analysis of individual kymographs for both
48xNsp1 and 48xNup100. (A–C) The top row shows the kymographs of NuPODs
containing 48 Nsp1 molecules, recorded at 5 Hz (A), 10 Hz (B), and 20 Hz (C). The
second row shows their R(τ) heatmaps; the third row replots the R(τ) heatmaps
with τ on a logarithmic scale (dashed-black line represents τ = 1 s); and the bottom
row shows the standard deviation of each pixel with time. (D–F), same as for (A–C)
but for NuPODs containing 48 Nup100 molecules.

When kymographs of NuPODs containing 48 Nsp1 molecules are recorded, fluc-
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tuations are often observed in the centre of the DNA scaffold (see Figure 5.6A-C,

top row). These are not present in the kymographs of empty NuPODs and are

therefore attributable to the FG-nups (see Figure 5.5). Furthermore, correlation

is observed in the R(τ) heatmaps (Figure 5.6A-C, middle row) at the position of

these fluctuations, indicating that these fluctuations are well above the experimen-

tal noise-floor. None of these R(τ) heatmaps show any sustained periodicity (see

Figure 5.4A and B), and instead show R(τ) signals typical of stochastic fluctuations

(see Figure 5.4C). Furthermore, from the R(τ) heatmaps, the time over which these

fluctuations tend to persist is seen (this is the time-lag over which correlation is still

observed). In the case of the 5 and 10 Hz kymographs (Figure 5.6A and B), the

fluctuations can persist upwards of 10 seconds (see the logarithmic plots, bottom

row). However, when scanned at 20 Hz, the fluctuations do not persist to a signifi-

cant degree beyond 1 second (see Figure 5.4C, logarithmic plot). The same patterns

are seen for kymographs of NuPODs containing 48 Nup100 molecules (see Figure

5.6D–F): fluctuations are observed in the centre of the NuPODs, but no real period-

icity is detected. Furthermore, although these fluctuations can be long-lasting when

scanned at 5 or 10 Hz (i.e. >10 seconds; Figure 5.6D and F), the time over which

these fluctuations persist decreases when scanned at 20 Hz. This may be attributed

to the effect of the AFM tip on the FG-nups: at higher scan speeds, it is harder to

control the tip-sample interaction, which may result in a more invasive measurement

(and hence greater energy transfer). This could lead to the increased frequency of

FG-nup transitioning. In any case, as already pointed out previously [119], it is

hard to comprehensively rule out an effect of the AFM tip on the observed FG-nup

dynamics.

It is also worth noting that although most NuPODs demonstrate this fluctuating

behaviour of clumped FG-nups, not all do. For example, in a sample of 10 NuPODs,

1 demonstrated very stable clumping of FG-nups that do not fluctuate (see Figure

5.7). This applied both for NuPODs containing Nsp1 and Nup100. In both cases

(i.e., for 48xNsp1 and 48xNup100) kymographs were recorded, in total, for more

than 7 minutes, at 5, 10, and 20 Hz, and yet neither demonstrated any transitioning

of the FG-nup morphology.

However, these are results from individual NuPODs. It is also possible to average

over many auto-correlation heatmaps (produced from kymographs scanned at a

given line rate), to build up a picture of the collective behaviour of each FG-nup,

from many different NuPODs, over longer, aggregate recorded times. As, for each

kymograph, the NuPODs are not positioned in the same place, it is not possible to

simply concatenate the kymographs or average the R(τ) heatmaps. Instead, a 20 nm

window in the middle of each NuPOD is manually selected, and the concomitant
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Figure 5.7: Both Nsp1 and Nup100 occasionally form very stable clumps.
(A) A NuPOD containing 48 Nsp1 molecules. The FG-nups are clumped into a
stable morphology that does not fluctuate over several minutes of imaging, whether
scanned at 5, 10, or 20 Hz. (B) Same as for (A) except the NuPOD contains 48
Nup100 molecules.

R(τ) heatmap is cropped in the same position. This aligns all heatmaps by the

centre of the NuPODs. Furthermore, by cropping only a 20 nm window, which is

significantly smaller than the inner-diameter of the NuPOD (∼32-46 nm; see Figure

5.1A), it is ensured that only contributions from the FG-nups are considered. This

eliminates any contribution produced by tracking errors from the AFM tip scanning

over the DNA scaffold structure. The cropped and aligned R(τ) heatmaps are then

averaged, taking into account the time over which each kymograph was scanned.

This is done by scaling each auto-correlation heatmap by the relative time over

which its concomitant kymograph was scanned, and then adding.

Figure 5.8 shows the results from averaging the R(τ) heatmaps4. The NuPODs

containing 48 Nsp1 molecules (Figure 5.8A-C) exhibit similar behaviour to that

shown from the individual kymographs (Figure 5.6A–C), i.e., stochastic fluctuations

with a decreasing persistence time as the scan rate increased from 5, to 10, to 20

Hz. Furthermore, the auto-correlation function tends to show most signal at the

edges of the heatmaps, and a reduced signal at the centre (with the slight exception

of the 5 Hz R(τ) heatmaps which shows some signal just right-of-centre; see Figure

5.8A). A very similar picture is seen for the 48xNup100 auto-correlation heatmaps

(Figure 5.8D–F). At 5 Hz, correlation is seen to persist up to ∼5 s (Figure 5.8D).

This is also true for the kymographs produced at 10 Hz (Figure 5.8E). At 20 Hz,

however, the correlation does not persist much beyond 1 second (see Figure 5.8F,

bottom pannel). All three heatmaps (Figure 5.8D–F) show most signal at the edges,

and reduced signal in the centre.

These results do not show any obvious difference in behaviour between the FxFG-

4All kymographs that exhibited fluctuating behaviour were included in the averaging protocol.
Those showing stable clumping (see Figure 5.7) render noise from their concomitantR(τ) heatmaps,
and artefacts at the edge of the clumps, and were therefore excluded.
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Figure 5.8: Auto-correlation analysis: averaged heatmaps from central 20
nm of NuPODs. (A) The averaged R(τ) heatmap from NuPODs containing 48
Nsp1 molecules, scanned at a line rate of 5 Hz, from n = 3 different NuPODs, over
a total time of 739 s (top row). Bottom row is the logarithmic plot (dashed-black
line denotes τ = 1 s). Only the central 20 nm of the plots are taken to ensure that
only the FG-nup fluctuations are analysed (and not AFM tracking errors over the
DNA scaffold structure). (B) Same as for (A) but scanned at a line rate of 10 Hz
(total time is 1050 s; n = 4). (C) Same as for (A) and (B) but scanned at 20 Hz
(total time is 365 s; n = 2). (D) Averaged R(τ) heatmap from NuPODs containing
48 Nup100 molecules, scanned at 5 Hz (total time = 586 s; n = 3). (E) Same as
for (D) but scanned at 10 Hz over 1907 s (n = 5). (F) Same as for (D) and (E) but
scanned at 20 Hz over 1664 s (n = 3).

repeat Nsp1 and the more coehesive GLFG-repeat Nup100. Any divergence in the

collective behaviour between these two different proteins must be subtle. However,

this analysis does show that both proteins spend more time clumped nearer the

edges of the NuPODs, and comparatively little time condensed in the centre (as

seen by the greater signal at the edges of the averaged R(τ) heatmaps; see Figure

5.8). Furthermore, it shows that the persistence time of the clumps reduces with

increasing scan rate. As stated previously, this is perhaps caused by an increased

energy transfer from AFM tip to FG-nups: as the scan rate is increased, the tip

velocity increases linearly, thus probing the sample with the potential for more

energy transfer — this could lead to more frequent transitions between different
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clumped morphologies.

In the following section, the results from this same analysis are presented for kymo-

graphs recorded of the real NPC.

5.3.2 NPCs

In the previous chapter, high-resolution images of the NPC were presented using

PeakForce QNM mode. To record an image at such high-pixel densities and resolu-

tion (such as those shown in Figure 4.1 and Figure 4.5), using this imaging mode,

slow scan rates had to be used5. This means it can take tens of minutes to acquire

a 2x2 µm image of the nuclear envelope, or, ∼1 minute to capture a 300x300 nm

image: an area just large enough to contain an NPC and some background nuclear

envelope. Using this high-resolution imaging approach, different structures were re-

solved inside the NPC pore lumens (these structures were interpreted as condensed

FG-nups and endogenous NTRs; see Figure 4.1 and Figure 4.6). These structures

were observed to be relatively stable, as shown by repeat high-resolution scans of the

same NPCs after 17 minutes (see Figure 4.4). However, it is possible that there is

dynamic movement of these structures occurring on time-scales much faster than the

several minutes time-scale used for capturing the high-resolution images presented

in the previous chapter [69]. Indeed, results from the previous section (section 5.3.1)

showed collective FG-nup rearrangements on the ∼1-10 second time-scale for two

different FG-nups inside mimetic NPCs.

In order to probe for dynamic movement inside the NPC lumen at these shorter

time-scales, a faster imaging mode must be used. By using Tapping mode AFM

(see Methods section 2.5.3) and a cantilever with a resonance frequency (f0) >

100 kHz in water (FastScan-D, Bruker), the rate of image capture can be greatly

increased (however, this reduces the control of the tip-sample interaction, therefore

making high-resolution images more difficult to acquire). Therefore, in this section,

Tapping mode AFM with a FastScan-D is used to produce videos of the NPC at

greatly increased frame rates (<10 seconds/frame; see Figure 5.9). Furthermore, in

order to probe for fluctuations on the tens of milliseconds time-scale, kymographs of

NPCs are produced (see Methods section 2.5.8), and next analysed using the same

auto-correlation method employed previously in section 5.3.1.

5This is partly because soft cantilevers with a low resonance frequency, f0, were used (thus lim-
iting the possible sampling frequency when imaging); but it is also because the sampling frequency
is anyway limited to 8 kHz using PeakForce QNM mode.
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Figure 5.9: Video sequence of a single NPC. (A) An NPC recorded using
Tapping mode AFM at 6 seconds/frame and ∼1.5 nm/pixel. A structure is seen
condensed to the inner-walls of the pore lumen in all frames. Arrows indicate direc-
tion of slow-scan axis. (B) Same as (A) but showing the retrace. Scale bars: 100
nm. Colour scales (see A, right panel): 50 nm (A and B).

Figure 5.9 shows the results from a video sequence, recorded at 6 frames/second,

of the cytoplasmic side of an NPC in solution. Similar to the high-resolution imag-

ing results presented in Chapter 4, a dense structure is observed inside the pore

lumen (this is observed in both the trace and retrace images, and is therefore not

attributable to measurement noise). This can be attributed to condensed FG-nups

and endogenous NTRs bound to the transport barrier. Importantly, with consecu-

tive frames, this structure is observed to remain in the same position inside the pore

lumen — i.e., globally, little movement is observed; certainly less movement than is

observed for Nsp1 molecules inside a NuPOD (see Figure 5.2A). This is possibly due

to the presence of endogenous NTRs that trap the FG-nups in a certain morphology.

If a kymograph of the cytoplasmic side of an NPC is produced, FG-nup dynamics

on the tens of millisecond time-scale can be probed (see Figure 5.10A–D). The ky-

mograph shown in Figure 5.10A displays a stable clump on the left-hand-side of the

central channel that does not move throughout the course of the imaging — similar

to the video sequence shown in Figure 5.9. Its auto-correlation heatmap (produced

using equation 5.1) shows stochastic fluctuations at the edge of the NPC scaffold

structure (this is due to tracking errors — a similar artefact is observed with the

empty NuPODs: see Figure 5.5) but no significant fluctuations in the central chan-

nel, indicating that the transport barrier is not fluctuating significantly above the

experimental noise floor. This is also true for the kymograph shown in Figure 5.10B,

and the two kymographs recorded at the faster rate of 10 Hz, shown in Figures 5.10C

and D, all of which do not show any obvious height fluctuations in their lumens,

and consequently, do not show much signal in their R(τ) heatmaps. Furthermore,
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Figure 5.10: Auto-correlation analysis of intact NPCs shows no significant
fluctuations in the pore lumen. (A and B) Kymographs of the cytoplasmic face
of NPCs captured at 5 Hz (top row). Their R(τ) heatmaps (second row; logarithmic
plot: third row) show signals at the edges of the NPC scaffold, but no significant
fluctuations in the transport barrier. This is reflected in the standard deviations of
the pixels (bottom row). (C and D) Same as (A and B) except imaged at 10 Hz.
(E) Auto-correlation heatmap from an NPC imaged from the nucleoplasmic side at
5 Hz. The centre of the pore now shows a protrusion at the position of the nuclear
basket. (F) Same as (E) except imaged at 10 Hz. Colour scales: 55 nm (A and B),
65 nm (C), 35 nm (D), 45 nm (E and F).

even when a kymograph of the nucleoplasmic side of the NPC is produced, thereby

scanning over the nuclear basket which, from nanomechanical measurements, ap-

pears very soft and pliable (see Chapter 4, Figure 4.7), no significant fluctuations

are recorded (see Figure 5.10E and F). When comparing the height profiles of pixels

from both the central channel of a NuPOD containing either 48 Nsp1 molecules

(Figure 5.11A), or 48 Nup100 molecules (Figure 5.11B), with an intact NPC (Fig-

ure 5.11C), it can be seen that, whilst the fluctuations observed inside NuPODs are

on the order of ∼5-10 nm (i.e., significantly above the background noise; compare

the orange and green lines to the background lipid bilayer: blue line), the fluctu-

ations inside the real NPC are similar to the background nuclear envelope (again,
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Figure 5.11: Magnitude of fluctuations in NuPODs and NPCs. (A) Ky-
mograph of a NuPOD containing 48 Nsp1 molecules (top), with the height-profiles
of selected pixels shown underneath (scanned at 5 Hz). Blue-dashed line is the
background lipid bilayer; red-dashed line is the DNA scaffold structure; orange-
and green-dashed lines are different locations inside the channel. (B) Same as for
(A) but NuPOD contains 48 Nup100 molecules. (C) Same as (A) and (B) but of
a real NPC. Blue-dashed line is the background NE; red-dashed line is the NPC
scaffold structure; orange- and green-dashed lines are two different locations inside
the transport channel. Colour scales: 20 nm (A) and (B), 45 nm (C).

compare the orange and green lines to the blue). In general, no significant fluctua-

tions are observed inside the NPC transport channel (i.e., no fluctuations that are

significantly greater than the background membrane), and all clumped structures

observed inside the lumen are stable. For this reason, no attempt was made to aver-

age the autocorrelation heatmaps. In appearance, these stable, clumped structures

observed inside the real NPCs are similar to the sightings of stably clumped Nsp1

and Nup100 molecules inside the NuPODs (see Figure 5.7).

5.4 Discussion

In the previous chapter, it was shown that various structures are observed inside the

NPC lumens. These structures were interpreted as condensed FG-nups and bound

NTRs that had found various meta-stable conformational states. It was therefore

proposed that the cohesive properties of the FG-nups are tuned such that stable
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morphologies lie near transition states, to allow the collective rearrangement of FG-

nups at little energetic cost, thus enabling both the passage of large cargoes and

the fast resealing of the barrier [88, 116]. However, without chemical identification

alongside the AFM imaging results, it is impossible to know exactly what constitutes

these different structures inside the pore lumens — this is the major caveat of

the results presented in Chapter 4. The NuPOD system, however, provides a well

controlled platform for studying the collective behaviour of FG-nups in the pore

geometry, without endogenous NTRs present to confuse the results.

Indeed, the results from the auto-correlation analysis on these NuPODs show that

— for both the more cohesive GLFG-repeat Nup100 and the less cohesive FxFG-

repeat Nsp1 — relatively stable FG-nup clumps form and tend to persist for several

seconds before transitioning (/10; see Figure 5.8). However, the auto-correlation

analysis also demonstrates that the persistence time of these clumps (both for Nsp1

and Nup100) decreases with increasing rate of line scanning (and therefore increasing

velocity of the AFM tip), as, at 20 Hz, FG-nup clumps do not persist significantly

beyond ∼1 second. This suggests that the transfer of energy from the tip to the

NuPODs is sufficient to overcome the energy barrier between different condensed

FG-nup configurations, thereby affecting the rate of observed collective FG-nup

fluctuations. This is consistent with the possibility of collective FG-nup transitions,

but also implies that, in the absence of the AFM tip, the rate of transitions could

decrease further, or perhaps stop altogether.

This data also highlights what might be considered a surprisingly slow time-scale for

the transitioning morphology of these intrinsically disordered proteins, and there-

fore, by implication, the importance of their cohesive properties to their collective

behaviour. In further evidence of the cohesive properties of the FG-nups, on one

occasion (out of a sample of ten NuPODs for both Nsp1 and Nup100), kymographs

were recorded showing extremely stable clumps that did not transition over several

minutes of scanning, demonstrating that the FG-nups can condense into very stable

morphologies (Figure 5.7).

Further to quantifying the time-scale of these fluctuations, the auto-correlation anal-

ysis also shows that the FG-nup clumps spend considerably more time at the inner-

walls of the NuPODs, rather than in the centre of the lumen (however, it should be

noted that the possibility of an attractive interaction between the DNA scaffold and

the FG-nups cannot be ignored as a possible factor in this behaviour). This would

not form a barrier to the transport of inert molecules. Therefore, as proposed in

the previous chapter, it is likely that multivalent nuclear transport receptors, such

as importin-β, are required to cross-link the FG-nups, thereby occluding the entire
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lumen and form a selective barrier to transport [36, 48, 49, 116, 130]. Importantly,

however, the auto-correlation analysis did not detect any difference in behaviour

between the two different FG-nups — any differences must be subtle or related to

ulterior functions.

In contrast to the fluctuating behaviour normally observed for FG-nups inside NuPODs,

the real NPCs show no significant fluctuations in their pore lumens (Figure 5.9 and

Figure 5.10). When inspecting individual pixels from the transport barrier, their

height profiles show similar variation to the background nuclear envelope or the NPC

scaffold structure (Figure 5.11C); and in appearance, their kymographs best resem-

ble the NuPODs with stably clumped FG-nups that do not fluctuate (Figure 5.7).

In summary the structures observed inside the NPC are not significantly dynamic

(as has been otherwise reported [69]).

It is possible that this discrepancy in behaviour observed between the NuPODs and

intact NPCs is due to the presence/absence of low concentrations of endogenous

NTRs (present in the real NPCs). In the absence of NTRs, and in the symmetry

of the pore geometry, there are many different possible metastable conformational

states with small activation energy barriers between them — thus leading to the

observed fluctuating behaviour in the NuPODs. However, in the presence of NTRs

(such as importin-β), the FG-nups could wrap around these proteins, thereby be-

coming energetically trapped in a given conformation (as was observed for FG-nups

at low grafting densities in planar films [80]). To this end, it would be interesting

to acquire further kymograph data of NuPODs in the presence of different NTRs.

Presumably, upon addition of importin-β, FG-nup fluctuations would no longer be

detected; but, in the presence of NTF2 (which is smaller and has only two FG-nup

binding sites [44]), FG-nups would continue to fluctuate, but perhaps in a perturbed

manner.



Chapter 6

Translocation of large cargoes:

virus capsids

6.1 Introduction

Much of the research reported in this thesis is focussed on the morphology and

dynamics of the FG-nups inside the NPC and their interactions with NTRs, and

the implications these results hold for the formation of a selective transport barrier.

This is a long-standing biophysical problem, and over the last few decades much

work has been done on the role of FG-nups inside the NPC and their interactions

with NTRs [1, 8, 27, 31, 32, 35, 36, 45, 71, 72, 116, 130, 134–138]. As a consequence —

whilst there are many different detailed hypotheses for the transport mechanism

through the NPC (as discussed in Chapter 1, section 1.6) — it is clear that, at the

very least, the NPC transport barrier is overcome by the NTRs binding to the FG-

nups; and that cargoes can translocate the barrier when bound to NTRs. However,

it remains a significant challenge to understand the structural rearrangements in

the NPC that, on the one hand, inhibit (or greatly reduce) the transport of inert

molecules as small as ∼4-5 nm in diameter [32, 128, 129], but on the other hand,

facilitate the transport of large particles approaching the size of the pore diameter,

such as the intact hepatitis B virus capsid [91, 92]. Work in the previous chapter

demonstrated the collective fluctuating behaviour of reconstituted FG-nups inside

mimetic NPCs, adding weight to the hypothesis that FG-nup cohesiveness is tuned

to allow collective rearrangement at little energetic cost (as has been proposed in

computational studies [88, 93]). Whilst it seems plausible that the FG-nups must

occlude the entire lumen to form a selective barrier to transport (probably with the

114
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help of multivalent NTRs), it also seems necessary that they collapse towards the

inner-walls of the NPC for the translocation of large particles.

In this chapter, preliminary results on the transport of large cargoes through the

NPC are presented — specifically, of hepatitis B virus capsids (HBc). These capsids

have a diameter of ∼30 nm — approaching the size of the NPC’s transport channel

[11] — and are known to translocate the pore intact [91,92,139,140].

6.2 Results

With the aim of imaging HBc translocating the NPC at the single molecule level

(using AFM), first, confocal fluorescence experiments were conducted on Alexa488-

tagged HBc transporting through the NPCs of intact nuclei (see Methods section

2.3.1 for the HBc-Alexa488 preparation protocol, and Methods section 2.4.1 for the

confocal microscopy experimental protocol). This control experiment is to demon-

strate that the transport cycle remains functional with isolated nuclei in NIM buffer.

Figure 6.1 shows the results from the confocal fluorescence microscopy experiments.

In green, is the Alexa488-tagged HBc, and in red, a 70 kDa dextran. The dextran is

used to show the structural integrity of the nuclei, i.e., that they remain imperme-

able to inert macromolecules after isolation. On the left are nuclei incubated with

HBc and the components required for the classical NLS-mediated import pathway of

cargo molecules (the Ran-mix, energy-mix, and Impα and Impβ; see Methods sec-

tion 2.2; Figure 6.1A); and on the right are nuclei incubated with HBc only (Figure

6.1B). Also shown are the separated nuclear envelope and nucleoplasm (see Meth-

ods section 2.6.1 for the analysis protocol) along with their average pixel intensities.

The nuclei incubated with HBc and the components for the transport cycle (Figure

6.1A) show intensity both at the nuclear envelope (mean = 59, σ = 6.5) and in the

nucleoplasm (mean = 49, σ = 4.0); whereas the nuclei incubated with HBc only

(Figure 6.1B) generally show less intensity in both the nuclear envelope (mean =

27, σ = 17.3) and the nucleoplasm (mean = 14, σ = 9.5; see Figure 6.1C), although

they exhibit greater variance. This suggests that, when the Ran-mix, energy-mix,

and NTRs (Impα and Impβ) are present, the HBc both dock at the NPCs and

successfully transport into the nuclei; but when these components are not present,

the HBc still dock at the NPCs in the nuclear envelope (although perhaps at lower

concentrations), but fewer capsids translocate the membrane. In general, this assay

demonstrates that the transport cycle is operational in these experimental condi-

tions. However, it should be noted that, although a dot blot assay was used to

check the structural integrity of the HBc-Alexa488 cores after their preparation (see
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Methods sections 2.3.1 and 2.3.4), the fluorescence intensity observed in the nucleo-

plasm could nevertheless be due to HBc-Alexa488 fragments and not intact capsids

— this cannot be discounted as a possibility.

Following on from the fluorescence experiments, AFM imaging experiments of iso-

lated nuclear envelopes with HBc were attempted. By using AFM, the transport of

HBc at the single molecule level can be probed. Figure 6.2 shows the preliminary

results from one such experiment, in which the HBc (40 µg/ml) were incubated

with Impα (1 µM) and Impβ (1 µM) prior to injection to increase their affinity for

the NPCs. The Ran-mix and energy-mix were not present, so it is expected that

the HBc would only dock at the pores, but not translocate. Figure 6.2A shows the

cytoplasmic face of the nuclear envelope, in liquid, before incubation with HBc and

NTRs. Figure 6.2B shows the same nuclear envelope after incubation with HBc,

Impα and Impβ. It shows a few examples of protrusions (white) on top of the

NPCs. In the area highlighted by the white-dashed box, a white bulb is seen in one

of the pores — this was not present in the previous image (Figure 6.2A). Figure

6.2C shows another image at an increased resolution of this same area (marked by

the white-dashed box), in which this bulb is still present (this is not a digital zoom,

but a separate image taken at a higher resolution). The white bulb is ∼30 nm in

diameter — approximately the size expected for the HBc [139].

6.3 Discussion

Together, these preliminary results demonstrate that the transport of HBc can be

activated in these experimental conditions (Figure 6.1)1, and that AFM can suc-

cessfully record the docking of HBc inside NPCs, in liquid. However, the results

shown in Figure 6.2 demonstrate the only successful attempt at this experiment2.

In order to probe the mechanics of transport of large cargoes (HBc) through the

transport barrier, a reliable protocol for AFM imaging must be developed. Once

accomplished, quantitative experiments can begin, such as, for example, quantify-

ing the number of HBc docking at the NPC as a function of NTR concentration

— thus giving information on the increased affinity for the NPCs in the presence

of NTRs. Further experiments could include using AFM in conjunction with con-

focal fluorescence microscopy to capture dynamic transport events. In using both

1As stated in the Results section 6.2, the preliminary fluorescence results should be taken with
a pinch of salt: it is possible that the intensity observed inside the nucleoplasm is due to HBc-
Alexa488 fragments and not intact capsids.

2This AFM experiment was attempted four times.
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Figure 6.1: Hepatitis B virus capsids (HBc) translocate the NPCs of iso-
lated nuclei. In green is HBc (tagged with Alexa488), and in red is a 70 kDa
dextran (0.29 µM; tagged with Texas Red), known not to transport through the
NPC (here it is used as a control to show that the nuclei are intact). The nuclear
envelope and nucleoplasm have been separated using the protocol outlined in the
Methods section 2.6.1. The white numbers indicate the average pixel intensity. (A)
HBc (40 µg/ml) in the presence of the Ran-mix (4x), the energy-mix (2x), and Impα
(7 µM) and Impβ (7 µM). With all the components present for the classical import
pathway of NLS-cargo molecules, the virus capsids are observed to dock at the NE
and accumulate inside the nuclei. (B) Intact nuclei incubated with HBc only (40
µg/ml), showing reduced binding at the NE and reduced import into the nucleo-
plasm. (C) Scatter plot of positive (A; blue) and negative (B; red) experiments
showing relative HBc intensities at the nuclear envelope and nucleoplasm. Error
bars denote the standard deviation.

fluorescence and AFM simultaneously, it should be possible to image a transport

event at the single-molecule level at high spatial resolution, whilst confirming that
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Figure 6.2: AFM imaging of the cytoplasmic face of a Xenopus laevis
oocyte nuclear envelope before and after incubation with HBc. (A) Cy-
toplasmic face of the nuclear envelope, in buffer. (B) The same nuclear envelope
imaged after a 15 minute incubation with HBc (40 µg/ml), Impα (1 µM), and Impβ
(1 µM). (C) An image recorded after zooming-in on the area highlighted by the
white-dashed box in (B). The white bulb visible in the central NPC is not present
in the image taken before HBc incubation (A), and has a diameter of ∼30 nm —
the size expected for HBc. Colour scales (see C, top right): 110 nm (A), 100 nm
(B), 80 nm (C). Scale bars: 300 nm (A and B), 100 nm (C).

any perceived transport event is real, and that the cargo molecules are not simply

being ejected back into the bulk solution. I.e., confocal microscopy can confirm

that cargoes have translocated the nuclear envelope and have not dissociated and

returned to the buffer. Finally, single molecule fluorescence experiments — tracking

the capsids as they translocate the NPCs — could also give further insight into the

mechanics of transport of large cargoes through the transport barrier.



Chapter 7

Conclusion

Using a combination of intrinsically disordered polypeptides (FG-nups) and soluble

proteins (NTRs), the NPC forms a barrier to nucleocytoplasmic transport that is

selective for molecules as small as ∼4-5 nm in diameter [32, 128, 129], and yet still

permeable to others as large as ∼39 nm [91, 92]. Furthermore, it deals with traffic

travelling in both directions simultaneously, with chemically very divergent cargo

moelcules (from RNA to proteins to viruses), and it does all this very quickly: it

has been estimated that a mass of nearly 100 MDa translocates a single NPC every

second [70] — and yet, our understanding of this selective barrier remains hazy at

best. It is this problem with which this thesis is concerned.

After validating a new, fast force-spectroscopy method (PeakForce QNM; see Chap-

ter 3), and showing that it was sensitive enough to detect the same changes in

nanomechanical properties across the NPC as Force Volume, it was employed at

high spatial resolution, and without any ensemble averaging, on intact NPCs in so-

lution (see Chapter 4). This revealed variability in both the structure of the NPC

pore lumens and in their nanomechanical properties. These variable structures were

interpreted as condensed FG-nups and bound endogenous NTRs that had found

metastable conformational states. From this, it was proposed that the FG-nup co-

hesiveness is tuned such that the energetics of stable FG-nup morphologies lie near

transition states, enabling collective FG-nup rearrangement at little energetic cost,

thus allowing both the passage of large cargoes and the fast resealing of the barrier

(as has also been postulated in other computational studies [47, 88]). Furthermore,

after the addition of two different NTRs (the smaller NTF2 and the larger Impβ),

divergent binding behaviour was observed from both the nanomechanical properties

of the NPCs and their topographical appearance. Whilst NTF2 had no observable

119
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effect on the transport barrier height or stiffness, Impβ bound stably to the NPC

channels, swelled the transport barrier, and increased its stiffness. It was therefore

proposed that larger NTRs with many FG-nup binding sites (such as Impβ) cross-

link the FG-nups to occlude the entire channel, and furthermore, that significant

molar fractions remain in the channel at all times — i.e., they are an “intrinsic”

component of the barrier [36,48–50,116,130].

The major caveat with interpreting the results from intact NPCs, however, is that,

without chemical identification alongside the AFM images, it is impossible to know

the extent of the contribution of endogenous NTRs and cargo molecules to these

observed structures. For this reason, the behaviour of reconstituted FG-nups inside

mimetic NPCs was analysed (NuPODs; see Chapter 5) [119]. In this chapter, an

auto-correlation analysis was developed and applied to kymographs of NuPODs

containing either the FxFG-repeat Nsp1 FG-nup (from S. cerevisiae), or the more

cohesive GLFG-repeat Nup100 (also from S. cerevisiae) — thus providing a system

to study FG-nup collective behaviour in the pore geometry without soluble NTRs

present to muddy the results1. This auto-correlation analysis revealed collective

FG-nup transitions on the time-scale of /10 seconds (for both FG-nups), which

evolved to shorter time-scales as the velocity of the AFM tip increased2. This added

weight to the hypothesis that FG-nup cohesiveness is tuned such that stable FG-

nup morphologies can transition at little energetic cost, but also suggested that the

energy transfer from the AFM tip to the FG-nups was causing an increased rate of

fluctuations. That is, it is hard to exclude a role of the AFM tip in facilitating (and

possibly even inducing) the observed fluctuations.

This analysis also demonstrated that, in the NuPOD system, the FG-nup clumps

spend considerably more time at the inner-walls of the scaffold ring structure relative

to the centre of the pore lumen. Presumably, this would not form a selective barrier

to transport. Perhaps, as suggested in Chapter 4, multivalent NTRs are required to

cross-link the FG-nups to form a functional transport barrier. However, it should be

noted that the possibility of an attractive interaction between the DNA scaffold and

the FG-nups cannot be ignored as a possible factor in this behaviour. Importantly,

however, the auto-correlation analysis did not detect any difference in behaviour

between the two different FG-nups (FxFG- or GLFG-repeat nup) — any differences

must be subtle or related to ulterior functions.

When this analysis was applied to the real NPCs, no observable fluctuations were

detected [69]. It is possible that the presence of endogenous NTRs traps the FG-

1All data from the NuPOD system was captured by Bernice Akpinar.
2At increased AFM tip speeds, the accuracy of the tip-sample interaction force is also reduced.
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nups in stable conformations. To this end, it would be interesting to capture more

data on the NuPOD system in the presence of different NTRs. Presumably, Impβ

would cross-link the FG-nups and arrest all collective rearrangements, whereas NTF2

would have a negligible effect.

Finally, preliminary results were presented on the translocation of large cargoes

through the NPC (see Chapter 6). It was shown that the import of hepatitis B

virus capsids (HBc) into isolated nuclei could be induced, and that therefore nuclear

import remained functional in these experimental conditions. Furthermore, AFM

was used to image HBc docking inside an NPC, in solution. However, much more

work is required to probe the mechanism of transport for such large cargo molecules.

Whether FG-nups must condense to the inner-walls of the NPC to allow such an

event to occur is interesting and requires further study.
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E. V. Orlova, I. J. Ford, G. Charras, A. Fassati, and B. W. Hoogenboom,

“Nanoscale stiffness topography reveals structure and mechanics of the trans-

port barrier in intact nuclear pore complexes,” Nature Nanotechnology, vol. 10,

no. 1, pp. 60–64, 2015.

[32] B. L. Timney, B. Raveh, R. Mironska, J. M. Trivedi, S. J. Kim, D. Russel, S. R.

Wente, A. Sali, and M. P. Rout, “Simple rules for passive diffusion through the

nuclear pore complex,” The Journal of Cell Biology, vol. 215, no. 1, pp. 57–76,

2016.

[33] V. N. Uversky and A. K. Dunker, “Understanding protein non-folding,”

Biochimica et Biophysica Acta, vol. 1804, no. 6, pp. 1231–1264, 2010.

[34] L. E. Hough, K. Dutta, S. Sparks, D. B. Temel, A. Kamal, M. P. Rout,

and D. Cowburn, “The molecular mechanism of nuclear transport revealed

by atomic-scale measurements,” eLife, vol. 4, no. September 2015, p. e10027,

2015.

[35] N. B. Eisele, A. A. Labokha, S. Frey, D. Görlich, and R. P. Richter, “Cohe-

siveness tunes assembly and morphology of FG nucleoporin domain meshworks

- Implications for nuclear pore permeability,” Biophysical Journal, vol. 105,

no. 8, pp. 1860–1870, 2013.



126

[36] A. R. Lowe, J. H. Tang, J. Yassif, M. Graf, W. Y. C. Huang, J. T. Groves,

K. Weis, and J. T. Liphardt, “Importin-β modulates the permeability of the

nuclear pore complex in a Ran-dependent manner,” eLife, vol. 4, p. e04052,

2015.

[37] C. Sun, W. Yang, L.-C. Tu, and S. M. Musser, “Single-molecule measurements

of importin α/cargo complex dissociation at the nuclear pore,” Proceedings of

the National Academy of Sciences of the United States of America, vol. 105,

no. 25, pp. 8613–8618, 2008.

[38] S. R. Wente and M. P. Rout, “The Nuclear Pore Complex and Nuclear Trans-

port,” Cold Spring Harbor Perspectives in Biology, pp. 1–20, 2010.

[39] D. Görlich and U. Kutay, “Transport between the cell nucleus and the cyto-

plasm.,” Annual Review of Cell and Developmental Biology, vol. 15, pp. 607–

60, 1999.

[40] R. Bayliss, T. Littlewood, and M. Stewart, “Structural Basis for the Interac-

tion between FxFG Nucleoporin Repeats and Importin-beta in Nuclear Traf-

ficking,” Cell, vol. 102, no. 1, pp. 99–108, 2000.

[41] T. A. Isgro and K. Schulten, “Binding Dynamics of Isolated Nucleoporin Re-

peat Regions to Importin-β,” Structure, vol. 13, no. 12, pp. 1869–1879, 2005.

[42] K. Ribbeck, G. Lipowsky, H. M. Kent, M. Stewart, and D. Görlich, “NTF2 me-

diates nuclear import of Ran,” The EMBO Journal, vol. 17, no. 22, pp. 6587–

98, 1998.

[43] C. Chaillan-Huntington, C. V. Braslavsky, J. Kuhlmann, and M. Stewart,

“Dissecting the interactions between NTF2, RanGDP, and the nucleoporin

XFXFG repeats.,” The Journal of Biological Chemistry, vol. 275, no. 8,

pp. 5874–9, 2000.

[44] R. Bayliss, S. W. Leung, R. P. Baker, B. B. Quimby, A. H. Corbett, and

M. Stewart, “Structural basis for the interaction between NTF2 and nucleo-

porin FxFG repeats,” EMBO Journal, vol. 21, no. 12, pp. 2843–2853, 2002.

[45] S. Milles, D. Mercadante, I. V. Aramburu, M. R. Jensen, N. Banterle,

C. Koehler, S. Tyagi, J. Clarke, S. L. Shammas, M. Blackledge, F. Gräter,
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