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Abstract

The Nuclear Pore Complex (NPC) is a large protein structure fousukaryotic cells,
perforating the nuclear envelope.niiediates bidirectional selective transport between
the nucleus and the cytoplasm. The NPC contaipgermeability barrier consisting of
unstructured nuclear pore proteins. The structure of the permeability barrier is not well
defined. As a consequence, ioais models have been proposed for its structure and
functionality. Typically, these models consider the unstructured nuclear pore proteins as
weakly or strongly interacting polymers: In the first case nuclear pore proteins protrude
from the pore creatingan entropic barrier; in the second case they may form a
meshwork occupying the central channel, resembling a hydrogel.

In this thesis, | measure the nanomechanical properties of this barrier in intact NPCs,
and compare them to the properties expectedrfivogic brushes and gbke materials.

To this end, | carried out nanomefieale force spectroscopy measurements using
Atomic Force Microscopy (AFM). Prior to the measurements the pores were treated
with reagents that activated the transport process,fthshing out the pores to ensure
that | was probing the barrier itself instead of cargo stuck in transit. | carried out Laser
Scanning Confocal Microscopy experiments to verify this procedure, as well as to

measure transport properties of the poresalaisd nuclei.

For comparison, | also measure nanomechanical properties of artificial polymer brushes,
and set the first steps towards creating pretemted soliestate nanopores as a
reductionist model system for the NPC. My results indicate that tieips in the NPC

form a condensed network, more closely resembling a hydrogel than a brush dominated
by entropic interactions.
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Li st of Figures

Figure 11 a) lllustration of the nucleuseparated from the cytoplasm by nuclear
envelope which is perorated by nuclear pore complexes. The nucleus is partially
surrounded by an endoplasmic reticulum [2]; b) Cross section view of the nuclear
envelope and nuclear pore. The outer membrane surfaseriblosomes served as
protein synthesis sites; the inner membrane is connected to the lamina which supports
the structure of the NUCIEUS [A]-......vvereeiiiie e e 1

Figure X2 Electron microscopy images of NPC derived from (a), (b) Xenopus laevis;
(c), (d) Drosophila melanogaster; (e), (f) Saccharomyces cerevisiae. The top row (a),
(c), (e) represents the cytoplasmic side, the bottom row (b), (d)tl{§ nucleoplasmic
side.The scale bar equals t0 100 NM [L2].......ccooiiiiiiiiiiimrer e eeeeeees 2

Figure 13 a) a schematically illustrated cross section of a vertebrate NPC which
consists of the nuclear basket, cytoplasfitaments and the core scaffold built by a few
rings structured from the pore membrane proteins, coat proteins, adaptor Nups, channel
Nups and FG Nups [19]. (b) Visualisation of the Nups distribution within the rings of

the poreds..s.c.af.flol.d . [.L3] e, 4
Figure 14 a) Structure of | mportinb consi st
I ndi vi dual HEAT r elpelaitc ecso.n s(its)t sl nopgfo rttwon UL
i b a n-alikeastructure consisting of 19 ARM repeats and interacting with nuclear

| ocal i sation signal (bl ue) from the I n
conf ormation upon interaction with | BB (
IBB tilted to 90° to the right [35]......cccveeiiieeciee et eveee e eveeeennee e

Figure 15 (a) RanGTP (cyan) with larger switch | (red) is overlaid with RanGDP
(yellow) with smaller switch II (blue) to show the difences in conformation. (b)

Conformational changes of Importinb when
(yell ow) . The I BB domain is shown in re
(yellow) coiling around RanGTP (cyan, switch Iin red) [35].........ccccccvviiiiiiieennnns 10

Figure 16 Nuclear import and export cycle [51]. The import cycle starts with creation
of a cargelmportin complex in the cytoplasm. Then the complex interacts with the
NPC. After the translocation into the nucleus, the complex interacts with RanGTP and
gets relesed from the cargo. The remaining part (ImpeRenGTP) travels back to the
cytoplasm.In the cytoplasm the complex is disassembled by RanGAP which promotes
hydrolysis of RanGTP into RanGDP. Here RanBP1 serve as catalysis of the hydrolysis .
After the sepeation another protein RanGAP is able to bind to RanGTP and promotes
hydrolysis of RanGTP into RanGDP. The new RanGDP translocates back to the
nucleoplasm by binding to a nuclear transport factor. In the nucleus it transforms into



RanGTP with the help ofgrotein RCC1. The export cycle is initiated by the binding of
RanGTP to an Exportincargo complex in the nucleus. They are then all transported
into the cytoplasm where the complex breaks down into independent units by RanBPs.
RanGTP again experience®thydrolysis into RanGDP and travels into the nucleus. In
the nucleus it transforms into RanGTP by RCC1 and the cycle starts over. The
concentration of Ran in the nucleus is much higher than in the cytoplasm due to the
hydrolysis of RanGDP into GTP andrisport into the nucleus....................coooee. 11

Figure 17 Transport models of the permeability barrier. A) Virtual gate (polymer
brush) model; B) Selective phase (hydrogel model)R€juction of dimensionality; D)
FOrest MOdel [B0].......ccooiiiiieeei e e e e e e e e e ene e 13

Figure 18 a) SEM image of gold nanorings; inner diamet87 nm, outer diameter

213 nm. (b) lllustsratin of the AFM tip approaching the polymer brush anchored to the
nanoring shown in cross section [63]. (c) Force curve obtained from the polymer brush
formed out of FGdomains of NUP153 [62]......cceeveeiiiiiiiiiiiiceee e 14

Figure 19 The experiment showed a simultaneous influx of an inert molecule- MBP
mCherry and another cargo IBBBP-mEGFP carrying the transport receptor

| mportinb. The wupper panel shohalfisthegeli ece
and the left half is the buffer solution. The imaged were obtained using the confocal
microscopy and the influx was recorded over time (30 s, 10 min and 30 min).[Z5].

Figure 110 WGA-depleted nuclei represent a closed nuclear envelope containing
nuclear pores and supplemented with (a) cohesive Nup98 and @ephesive mutant
Nup98. Both nuclei in (a) and (b) were subjected to the fluores88aMBP (to test
active transport) and fluorescent 70 kDa dextran influx (to test passive exclusion). The
final concentration of Nup98 used in both forms was 500 nM [28]..................... 16

Figure 311 a) Beadmmobilized GSTFG nucleoporins incubated with soluble
fluorescent F@epeats to identify under the fluorescent microscope binding between
mixed FGrepeats. In case of binding the fluorescent signal emerges from thethim of
beads, while notinding is determined due to dark nftmorescent beads [72]. (b)
Density map of cargoes locations within the central channel which were successfully
translocated across the nuclear pore. The map is colour coded illustrating normalized
ENSIEY [75] ettt ee e e 17

Figure :12 a) Top view of the NPC, where blue corresponds to the scaffold of the pore,
andgreent o the I mportinb a ctcuiemoftleetporeoshowingsr 3] ;
the ions diffusion into the peripheral channels upon direct current application [39]; c)
top view of the pore generated by a simulation with weak interactions between the FG
domains and between NTRs and-Fpeats. In the sammanner (d) shows strong
interactions between the FG domains and FG domains with NTRs. In (c) and (d) the
pore is divided into two parts: the colourmap on the left panel refers to the interaction



between the polymers in the central channel, whilst the pghel refers to the NTRs
(o 1S g1 o0y AT o T 4 = OSSP 19

Figure 213 The development of the spatial resolution in molecular density maps as
determined by EM. (a), (b) and)(illustrations are for Xenopus laevis NPCs and (c) is
for human NPCs. The resolution increased frajn=10 nm [4]; b) 12 nm [3]; ¢) 3.5 nm
[BL] O ) 2 MM [LO]eeeiieieiieieeee et eneeane 20

Figure 114 Representation of-gomplex as an assembly of Nups, their position within
the NPC scaffold shown in relation to other subcomplexes. The first panel shows a
computational representation ofcomplex consisting of the following Nups: Nup84,
Nupl33, Secl3, Nupl45C, Sehl, Nupl20, Nup85. The second panel exhibits the
assemblies of ¥omplex organised into two rings alongaXis. The third panel shows

the position of other Nups and complexes within NPC [12]..................ovvvuiemee.... 21

Figure 115 Mapping of available crystal structures of yeast and human nucleoporins
into the 3dimensional EM representation ofdomplex. Another view of the complex

is rotated to 90aroundzZ-axis. Crystal structures of the following Nups were fitted into
the 3D model of Ycomplex: dimer of yeast Nup85 and Sehl (dark blue and light blue
respectively), complex of yeast Nup145C and human SEC13 (dark green and light
green respectively), compl@t human Nup107 and Nup133 (analogous of yeast Nup84
and Nup133, orange and red respectively) and human Nup133 (red).[85]........ 22

Figure 216 a) Human HelLa cells nlac scanned by twg@hoton 4Pi microscope [89];
b) Human U20S nuclei scanned by STORM. The scale bar is 3 um and 300 nm
FESPECHIVEIY [0 it e emen s 23

Figure :17 a), (b) SORM and (c), (d), (e), (f) STED high resolution images of nuclear
envelopes, showing thef8ld symmetry of the NPEI1], [93]. ........uvvmmmiiiiireiiiiirinns 24

Figure 118 Effect of CQ on NPC over time captured by AFM (a) control sample, the
diameter of NPC was 84 nm, the shape of central channel was recognisable. In (b) and
(c) 4 and 8 minutes after G@ddition, the diameters of the pore appears reduced to 64
nm and 51 nm respectivelfhe central channel blended with the rim. In (d), the pore
has returned to its initial state after £@moval, the diameter enlarged to 79 nm. [95]

Figure 119 The reversible effect of €areatment on NPCs (a) in presence of calcium;
(b) calcium depletion and (c) addition of calcium again [98].............cccvvvvvvieemn... 26

Figure 220 The NPG (a) before and (b) after the injection of Glucocorticoids. The
scale bar: 500 NM 101 ...oooiiiii et rrer e e e e e e e e e e e ean 27

Figure 221 Permeability experiments observed on fluoresgeatoscope with solvent
=T 0 I 1N 0 1 PPN 27



Figure 122 AFM scan done at (af@ and (b) 28C in contact mode of the same area of
(oY (0] o] F= 157 1 1ol AN | = 1 PR 28

Figure 123 (a) and (b) are height and phase images of individual pores with the
corresponding cross section. (c) and (d) show the height and phase images of the pores
prei ncubated wit.h..lL.mpour.t..n. . .b.. . .[.3.7] ... 29

Figure 124 Force curves of stiff and soft pores [106]. The clusters of NPCs formed
under ethanol treatment appeared tosb#er than the freely distributed NPCs. The
force curve corresponding to the stiff pores is edgy and the contact point between the
sample and the tip is seen clearly. Meanwhile the force curve of soft pores highlights
the softness of the probed materidhe AFM topography image of clusters and
independent pores is given at the top of the diagram..................cooeeeeeei e 30

Figure 225 The top curve was acquired in the PBS bufferrapdesented the extended
FG-repeats of cNup153 by showing exponential behaviour. The following three curves
show the polymer brush under the I mporti
fM, 2.5 pM and 33 nM). The higher the concentration, the stedpe force curves,
meaning stiffer sample. The state of the polymer brush is illustrated on the left from the
CUIVES [B2]eiieieeeieeee et ee et eeea ettt et ettt e e e s emmmn e e et e e e e e e eeeeas 31

Figure 126 a) The tipsample integiction was recorded on F@peats tethered to the
nanodot. The black line corresponds to the trace (loading) force curve, exhibiting a
repulsive force, and grey line representing the retrace curve with few stretches
corresponding to unfolding of F&peats Red and blue curves show trace and retrace
force curves respectively collected from the surrounding area. The illustration on the
left shows height image of the nanodot. (b) Stiffness map (32x32) shows in dark the
nanodot indicating its softness and ight blue the surrounding area which appears
harder. (c) Trace (red) and retrace (blue) force curves collected from the nanodot (height
image on the left) with F@epeats subjected to the hexanediol. The shape of the force
curves indicates the hard surfa@@e sudden jump in the retrace curve shows the height
at which the F@epeat detached from the AFM tip. (d) Stiffness map of the same
nanodot (16x16) showing the stiffness of the-feéBeats exposed to hexanediol, which

is comparable to the stiffness bketsurrounding area [61]...........cccoeevviiiiiiiceeennnn. 33

Figure 127 a) Force curves obtained from silicon surface (orange), rim of the
nanoring/nanopore functionalised with PEG (red), am@ tnner part of the
nanoring/nanopore (blue). The latter one has the demonstration of thamntpe
interaction depending on the position of the tip with regard to the pore. (I) shows non
contact area, when the tip is far above the pore. (lI) showstiggdnge repulsion of

the tip when it started to interact with the brush. (lll) illustrates the case when the tip
penetrates the brush and measures the hard substrate, which was shown as rapid
increase of repulsion. (b) Stiffness map of the nanoporeifunadised with PEG where

the surrounding area appeared stiffer than the nanopore.[63]...........cccceerreenen. 34



Figure 128 a) Collapsed PEG tethered to the nanopore upon change ifteeto
poor solventi 10% 2propanoli f or med Hopeno state of the
state of PEG on the nanopore, showing dac|
2 PSR OSSPPRRR 35

Figure 129 Force curves obtained in Force Volume from the supported lipid bilayer
(black) and (a) F&lomains: Nup98lyco (O-GlcNAc-modified Nup98, orange), Nspl

WT (blue), NspiFILV-S (mutant, green) [22]. (b) Force curves reeal in presence
and absence of 1 OM | mpor t i-doains (bluefand ms
orange respectively). Force appliedp to 0.70.8 NN [64]...........uvmiiiiiiiiiiiiiiiieennne. 36

Figure 21 a) a stereomicroscope; b) mandafolliculationof oocytesconnected with

their ovarian follicles.Schematic representation of nuclei isolation using two pairs of
tweezers; c) fixation of oocytes with tweezers; d) piercing the oocyte in tlae are
perpendicular to the fAequatoro with the
by opening the tweezers; f) pushing the back of the oocytes with the blunt tweezers to
squeeze out the nucleus; g) nucleus popping out of the oocyte; h) glass typette
connected to the 200 pl plastic pipette tip with parafilm. The end of the tip was exposed
to fire to smoothen the glass tip; i) Petri dish with damp tissue at the bottom to store the
glass coverslip with the sample; j) swollen nuclei in NIM; k) glasswith a rounded

end; 1) the nucleus pierced with a metal needle; m) the metal needle as a hook; n)
isolated nuclear envelope on a glass coverslip. Images in (g), (I) and (n) are courtesy of
Munster Institute of Physiology, Germany..........cccceeeieeeeeeiceeeiiciie e eeeeeeee 39

Figure 22 a) A JPK Nanowizard camera shows the nanopore device from underneath.
The blue square represents the membrane; (b) An SEM image of the membrane from
above, showing the napore array (SEM image: courtesy of Dr. Agniezska
RULKOWSKA) - ... ettt e e e e e e e e s rmmmre e e e e e e e e e e e B

Figure 23 The fabrication steps for nanopore preparation: a) plasma enhanced chemical
vapour depsition of SgN4 onto Si wafer; b) reactive ion etching oI$j bottom layer;

c) physical vapour deposition of Ti and Au onto the top eNSlayer; d) potassium
hydroxide etching of the bottom layer of Si wafer; e) plasma enhanced chemical vapour
deposition of SiQ and Focused lon Beam milling of the pores from the bottom of the
device through the layers ofs8liy, Ti, Au and SiOx (Image courtesy of Dr. Agniezska
RULKOWSKA) - ..ottt e e e e e emmeneeneeaeeeee e B

Figure 24 a) A TEM image of a cross section of the conically shaped channel drilled by
focused ion beam in a silicon nitride layer at 1 pA current. The channel was filled with
Platinum (Pt) in order to visualise the nanopore. ThewdB directed from bottom to

top in this image. Tungsten (W) coating was implemented to avoid the charging effect
of silicon nitride at the beam entrandd 2]. (b) Geometry of the silicon nanopore with

a thin layer of gold in the middle (100 nm). The lovedicon nitride layer is 75 nm
thick, and the upper silicon oxide layer is 30 nm thick. The diameter can vary from 10
RS 0 0 PP PP 44
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Figure 31 The AFM set up.The laser is focused onto the reflective back of the
cantilever and passes onto the photodiode and is then processed by a feedback circuit to
maintain the defection of the cantilever. The piezo tube ensures the movement of the
sample along X, Y and Zaxes [118].......cccceviiiiiiiiiiiiiiieemee e eeeeeeesecvvan s emmmeennees 49

Figure 32 A tube scanner. If the voltage is applied to one of the external quadrants the
tube tilts away from the central axis. In case of voltageliegmn to the inner
electrode, the tube moves irdffection (Image courtesy of Park Systems, Koreap0

Figure 33 The force diagram, showing which interactitipsand sample undergo while

the distance between them is getting smaller. There is no cantilever deflectionr at non
contact region. However, at a smallersgmple distance (few nm) the attractive forces
are prevalent (intermittent contact) whereas whenomes to a few angstroms the
repulsive forces are preponderate (contact region) [L20]..........cooovvvvivieemeeernnnen. 50

Figure 34 a) AFM setup with main components; b) AFM head, the orangeshows
the path of the laser reflecting from the cantilever into the photodiode; c) fluid cell for
cantilever fixation with channels for liquid. Images (b) and (c) are courtesy of Bruker,

Figure 35 a) AFM setup with main components; b) AFM head, containing the optics
including the laser, the photodiode, mirrors; also it has the piezo sensors to move the
tip; red square is a place for the fluid celltleg fluid cell with the cantilever fixed with

the clip. Images (b) and (c) are the courtesy of JPK Instruments, Germany.......52

Figure 36 a) MLCT cantilever; b) MSNLcantilever; ¢) an array of MLCT/MSNL
cantilevers on the chip (Images are courtesy of Bruker, USA); d) She88nG
cantilever (Image courtesy of AppNano, USA)..........coooiiiiiiiiimmmniiiiiiiieeieeee 53

Figure 37 The movement of the tip over time during ramping over the surface
represented in the triangular wave [126]............coooiiiiimmnn e 55

Figure 38 Schematic of a force curve. @ horizontal axis on the diagram represents the
Z-piezo position. The vertical axis represents the force detected by the cantilever. The
tip approaches the surface from right to left in the diagram. The flat line indicates that
there is no deflection of éhcantilever (hence zero force) when the tip is away from the
sample (1). At some point (2) the transition from {gomtact region to contact region
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deflection. The image courtesy of Bruker, USA...........cooo i 56

Figure 39 a) The motion of the tip isinusoidal movement to collect the force curves.
The trace and retrace curves are shown here as a function of time: (1) iE@tant
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region during approach; (2) attraction of the tip to the surface; (3) the peak force
(maximum applied force); (4) adhes during the retract; (5) necontact area after tip
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12
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Chapter lintroduction into the Nuclear Pore Complex

Chapter 1 Introduction into the Nuclear Pore Complex

In eukaryotic cells the nucleus is separated from the cytoplasm by a double membrane,
the nuclear envelope (NEFigure 1-1 a). The nuclear envelope is formed by an inner
and an outer membrane, both consisting of a phospholipid bilayer. In the nucleus, there
are nuclear laminas (proteins) attached to the inner membranemidiear envelope to
maintain the structure of the nucle@g(re1-1 b). The outer membrane continues into
endoplasmic reticulum membrane outside thecleus. On the surface of the
endoplasmic reticulum membrane there are small molecular madhiriessomesi

which take part in protein synthe$ig.

The inner and outer membranes of the nuclear envelope connect at the nuclear pore
complex. The nuclear pore complex (NPC) is a vital nanorsetde biological
machine that regulates all macromolecular traffic (e.g., messenger Bdvgen the
nucleus and cytoplasm of all eukaryotic cells. Nucleocytoplasmic transport occurs via
the central channel of the NPC (~50 nm in diameter). Furthermore, the NPC participates
in the regulation of gene expression. It assists as a quality conack of RNA during

its export to cytoplasm. Thus, the NPC not only regulates the molecular traffic between
nucleoplasm and cytoplasm, but also separates the DNA transcription process from the
cytosol[1].

a Nuclear Envelope
Nuclear {Outer nuclear membrane —_ g,
envelope ||nner nuclear membrane Outer nuclear

ﬁ membrane
/

Rough Chromatin
endoplasmic Nucleolus
reticulum

Inner nuclear
membrane

Ribosomes

Figure 1-1 a) lllustration of the nucleus separated from the cytoplasm by nuclear
envelope which is perorated by nuclear pore complexes. The nucleus is partially
surrounded by an endoplasmic reticuly]j; b) Cross section view of the nuclear
envelope and nuclear pore. The outer membrane surface has ribosomes served as
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protein synthesis sites; the inner membrameadnnected to the lamina which supports
the structure of the nuclel] .

1.1 Background

NPCs of all eukaryotic cells from yeastiiaman are similar to each other in terms of
functionality, biochemical composition and structure. This has been shown using
electron microscopy3], [4], [5], [6]. The examination of the discrete NPC parts
supports a theorgpf conservation of NPC structure among different spelégs|[7]
(Figure 1-2). NPCs have largely been investigated using different morgnisms:
human[8], yeast $accharomyces cerevisigd8), African clawed frog Xenopus laev)s

[10] and amoeboidOictyostelium discoideupil1l]. It is important thatall types of
NPCs possess the analogous structural components tmiofued NPCs. Although there

are some differences in structure, mass anechemical composition between these

two, the selectivity mechanism remains the same.

Figure 1-2 Electron microscopy images of NPC derived fr@) (b) Xenopus laevjs
(c), (d) Drosophila melanogaste(e), (f) Saccharomyces cerevisiae. The top fa)y
(©), (e) represents the cytoplasmic side, the bottmm(b), (d), (f) i the nucleoplasmic
side The scale baequals ta1l00 nm[12].

1.2 Physical characterisation of NPCs

Qualitatively NPCs from different species illustrate a similar architecture. However,
quantitatively, there are variations in dimensions and masses from one organism to
another. For instance, the yeast cells are generally smaller than the vertebraf ones (
MDa and 125 MDa respectivelyyY]. The dimensions of the human and vertebrate
NPCs are similar, except for the outer diameter which is smaller in human NPCs (105
nm). Amoeboid NPCs are slightly larger than human or vertebrate ortesms of

height and inner diameter (s€able 1-1). The nuclear envelope thickness is the largest
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in human and amoeboid NPCS (~60 nm), whereas ist yeia the smallest (280 nm).
Likewise, yeast NPCs exhibit the smallest height (35 nm) and outer dian@&term,
whereas the rest of the species show around 120 nm for the outer digBheter
Interestingly, the inner diameter seems to match among the speci&® +#0. In a

Table 1-1 below the main parameters are highlighted. The functional diameter, the
diameter of the cargoes allowed to pass the NPC, and physical inner diameter of the

NPC are most likely coinciding as it was shown elsew[#rg10].

Table1-1 Physical characteristics NPCs across spe¢®s[10],[17],[18].

Human Vertebrate Yeast Amoeboid
Height 80 nm 80-100 nm 35 nm 110 nm
Outer 105 nm 125150nm 80 nm 125 nm
Diameter
Inner 50 nm 4850 nm 49 nm 60 nm
diameter
NE thickness| 40 nm 50-60 nm 20-30 nm 60 nm

1.3 General Structure ofthe NPC

The NPC has a cylindrical shape with afoRl rotationalsymmetry[4], [16]. There are

eight spokes which create-egial rings along the-axis of the NPC. The spokes are
divided into two parts connected at the joint plane of the NPC with NE. The
nucleoplasmidilaments forma dstal ring and creates the nuclear baskejyre1-3 a).

At the cytoplasmic side the spokes form short eight filaments. There are two external
rings at both the cytoplasmic and the nucleoplasmic sides and two naigligbomner

rings at the luminal domain. In addition to these four rings, which is a core scaffold of
NPC, there are also connecting rings between the nuclear envelope and the outer rings
membrane ring; and between outer rings and the inner rings. Tdeaia built from

the nuclear proteins termed nucleoporins (Nups). The nucleoporins from the outer rings
are called coat nucleoporinghile the ones that connect coat nucleopouiith the
nuclear envelope are called pore membrane proteins (POMs). The inner rings are

represented by scalled channel nucleoporins, whilst the connector Nups between the
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outer and inner rings are called linkers or adaptor NuBk [19]. Within the central
channel there is an accumulation of the nucleopavimsh contain natively unfolded
phenylalaningglycine repeats (FG-repeats)[20] (Figure 1-3 b). These Nups are
connected either to the inner ring or to the linker Naipd facing the central channel.
This is the general structure for both vertebrate and yeast [$P,Ck3].

FG Nups

Linker Nups

/ oV "o T,; 5

o @

Figure 1-3 a) a schematically illustrated cross section afvertebrate NPC which
consists of the nuclear basket, cytoplasmic filaments and the core scaffold lauéviby
rings structured fromthe pore membrane proteins, coat proteins, adaptor Nups,
channel Nups and FG Nup$9]. (b) Visualisation of the Nups distribution within the
rings of thg3porebs scaffold

1.3.1Nucleoporins

The NPC contains about 30 different types of proteins, with each one besgnpm
multiple copies. In total the NPC has about-A000 protein molecules. The majority

of Nups are the same for all eukaryotic cells from yeast to human. Nups are named
according to the convention of appending the molecular mass in kDa to the wmrd N
e.g. Nup98 corresponds to a mass of 98 kDa. Nearly 30% of all the Nups in the NPC are

partially unstructured and possessingfepeat419].

The FGrepeats are classified according to the amino acids separating the repeats, so
called spacer sequencpgxl]. There are three types of the FG repeats in Nups with
different spacers: Ghl.eu-PheGly (GLFG), PheanyPheGly (FXFG) and Phesly

(FG) repeats. The FxFe&peats contain charged amino acids as the spacers (threonine
and serine) and the FG domains-vitro experiments have provided evidence for
cohesive and presumably weak hydrophobic interactions between these FG domains
[22], [23]. . On the other hand, the GLR®peats do not have charged elements,

4
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instead enriched with asparagine and glutamine which are polar uncharged amino acids.
Overall, GLFGrepeats show necohesive interaction between FG domains. As for the
FG-repeats, they can have both charged and unchapgegrs. Due to these differences

the FG Nups have distinction in functions.

It is known that FG Nups are the cruat@mponent®f the permeabilitybarrierwhich

can be formedn vitro [24], [25], [26]. It is not only accommodating the passive
diffusion of small moleculeR27] but also mediating the transport of larger cargdas.
selectivity requies the FG domains to be cohesive along the full length of the FG Nup.
If acohesive FG Nup was removed from the barrier, as it was done in vertebrate NPC
lacking specifically cohesive Nup98, the permeability barrier would no longer be
functional [28], [29]. A similar experiment was performed withe partially cohesive
pNspl nucleoporin, which resulted in a breakdown of the selectivity bd2iér
Moreover, it may be thanks to the cohesiveness of theep€ats that some molecular
density could be identified in the central channel at a resolution of P@nbecause
they appear to contain more ordered domains than typical for theuctosed

nucleoporin in the permeability barrig0].

However, there are some nucleoporins which havecobesive FG domains, located
primarily at the periphery of the central channel. It was suggested that they are not
involved in the structuring of the permeability barrier, but take patisassembling the
import and export molecules from transport receptors required to start the translocation
across the porg31l], [32]. For example, the followigp complex of FG Nups in the
cytoplasmic outer ring vNup88 Nup214 Nup62 (in vertebrates) is involved in
ceasing mMRNA expoiB3].

Another function of nortohesive FG domains is to blend the exceptigrahesive

FG repeats, to prevent the formation of an impenktrateshwork and also preserve

the selective functioning of the permeability bari@s]. For example, some cohesive
FG-domains within yeast nucleoporins Nup100 and Nupll6 are separated with non
cohesive parts. As it was shown laf@3], these types of Nups have a bimodal
distribution: the sequence ofigh changed amino acids (nophesive domain) is

alternated by low charged amino acids (cohesive domain). This exhibits that even
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nucleoporins with highly cohesive F@mains along their disordered structure have

norncohesive spacers.

Nups can also regukathe selectivity by having the binding sites for transport receptors
required to start the translocation across the pore. It has been suggested that cytoplasmic
Nup358 serve as a bindingesfor the transport receptors.néh this Nupvas depleted,

the translocation rate of the transport recepdegease{34].

1.3.2Nuclear Transport Receptors

In eukaryotic cells, nucleoplasmic transport of macromolecules is mediatedckear
transport receptors from the Karyopherin family of proteins, which are conserved across
the different specief8], [32]. Macromolecules bind to the karyopherins in order to pass
across the baer. According to the directionality of transport the karyopherins are
categorised into importins and exportins. The most abundant import karyopherin is

| mportinb. It is structured from 19 HEAT
helices[35] (Figure1-4 a).

| mportinb binds to cargo from its i-nner
repeats in the NPCFigure 1-4 c) [33], [34]. The bi nding of I
macromolecule occurs via the nuclear locaiisasignal (NLS), a special sequence of
amino acids in macromolecules, or via an
to the macromolecule using the NI[36]. |l mportinU consists of
repeats of helical shape with two binding sites for NBS]| (Figure1-4 b ) . | mport
binds to ImportinU via importin beta bin

(Figurel-4 c, d).
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Figure 1-4 a ) Structure of |l mportinb consi sti:
| ndi vi dual HEAT r ehpedaitc ecsans(ibs)t sl nmopfo rttwa UL
i b a n a like siructure consisting of 19 ARM repeats and interacting with nuclear
localisation sign a | (bl ue) from the i nner side
conf ormation wupon interaction with | BB (
IBB tilted to 90 to the right[35].

The pr esenc mcreades themmgnsiacdtion mate significantly, as it was shown
elsewhere[24] by observing the penetration dfie macromolecule IBB-RedStay
through the gel of F®Nupsi n pr esence and absence of I
with I mportinb the translocation rate in
penetration of IBBRedStar alone. Also, the cargoes with more nuclear transport

receptors (NTR) on its surfadranslocate the pore faster.

1.4NPC transport

Nucleocytoplasmic transport is a crucial function of eukaryotic cells. There are two
distinguishable types of nucleocytoplasmic transport established: passive and active.
Small molecules (smaller than about 5 hoan be transported through the NPC via
passive diffusior3], [37]. Larger molecules and proteins require additional factors to

be translocated through the pore

1.4.1Passivediffusion

From studies on the ion conductivity through the NP®as concluded that there are
separate pathways for passive and activespart[38]. In particular, it was suggested
that there are eightarrow periphery channelgpart from central channel for passive

diffusion [39]. But it has also been suggested that the barrier at the central channel is
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designed d facilitate both active and passive diffusig2g]. Overall, there is some

evidence that two types of transport are carried out via segregated[4QJit¢$1].

In the mid 70s, it was assumed that the cut off of the molecules size for passive
diffusion was about 7 nm in diametg2]. The experiment showed that dextrans of
diameters from 2.4 nm to 7 nm could freely diffuse across the nuclear envelope. This
was measured using uklaw temperature autoradiography. The same value was found
later [43]: in this case, PEG coated gold nanoparticlesizé 47 24 nm in diameter

were microinjected into the Hela cells, which were fixed 5 and 30 minutes after
injection and scanned on TEM. It was found that only small PEG particlésn(d)
translocated through the pore, however only 0.7% of all small REI{S gere found on

the nuclear side of the NPC rather than in the nucleoplasm.

In further studies the diameter proposed was 5.2 nm of the channel for passive diffusion
[27]. Authors were monitoring the entry ratetb& labelled particles of different sizes
(Stokes radii ranging from 0.67 nm to 2.85 nm) imaged on confocal microscope. By
using thioredoxin, (Stokes radius 1.97 nm) as a reference patrticle, they quantified the
ratio between the entry rates of these pkasi and their Stoke radii, and fitted the data
with the models for finding the radius of the channel based on the SEokssin
equation and concentration gradient. Most data fitted the model best for a channel of 5.2

nm diameter.

Currently it is acceted that the macromolecules of less than 5 nm in diameter can freely
diffuse across the pore. In addition, transport of some small proteins such as Histone H1
and P(Lys)cytochromes is mediated using nuclear transport recgltbri was found

by monitoring the passage of reter mediated large proteins under chilled and enrergy
depleted conditions using fluorescence microscopy. In particular, it was observed that
large proteins were arrested in the nuclear envelope under chilled and energy depleted
conditions, and small protes surprisingly were stuck as well, whereas all other small
molecules passively diffused across the nuclear envelope. Thus, after titration of
transport factors, it was concluded that these small proteins used nuclear transport
receptors (| orpnd)ra imporbactavahyfd5]. This gacilitated diffusion

also applies to the export of tRNA, possibly to litaie an efficient control of newly

made tRNA functionality46].
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1.4.2 Active transport

Active transport is fast, selective and enedgyendentThe flow rate of substances
during facilitated transport may reach up to 1000 translocations per s@tohd
Cargaes of up to 39 nm can be translocate this wa], [37]. In active transport, in

order for the cargo to go through the nuclear envelope in both directions (to the
nucleoplasm or to the cytoplasm) it needs to be recognised by the NPC. The cargo
carries transport signals classified as either nuclear lotahzaequences (NLS) or
nuclear export sequences (NES), for import and export respectively. These sequences
can bind to transport receptors, the majority of which belongs to the karyopherin family
(importin and exportin), which in turn binds to the FG Nirpthe NPC.

Apart from transport receptors, presence of Ran is prerequisite for active nuclear
transport (Figure 1-6), as it provides the energy to maintain the directionality of
transporf48]. Ran encourages the assembly or disassembly of cargo bound to transport
factors. Ran is a small nuclear GTPase molecule, which is hagimgerved among
different species. It freely translocates between the cytoplasm and the nucleoplasm. Ran
can switch between two states: Ran GTP (guanine triphosphate) can be converted into
Ran GDP (guanine diphosphate) by hydroly§igure 1-5 a) [49]. This Ran cycle is
necessary to release the cargo from Importin in the nucleoplasm and release the

Importin in the cytoplasm under the hydrolysis.

Ran can switch between two states: Ran GTP (guanine triphosphate) can be converted
into Ran GDP (guanine diphosphate) by hydroli4id. Upon altering the state of Ran

bound molecule, there is a dramatic change in the conformation of the key switches |
and Il Figure1-5 a), which control the interaction with nuclear transport recefsois

This Ran cycle is necessary to release the cargo from Importin in the nucleoplasm and

release the Importin in the cytoplasm under the hydrolysis.

The release of the cargo bound to | mport
st at e of pohmteraction with Ran@THrigure1-5 b). The induced structural
change affects the helicoidal pitch of |
longer matches the helix of IBB domain. Thus, the efficiency of IBB binding to the

| mportinb | owers significantl y: foll owin
releases the IBB with cargo and binds to RanGAigufe1-5 c) [35].
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Figure 1-5 (a) RanGTP (cyan) with larger switch | (red) is overlaid with RanGDP
(yellow) with smaller switch Il (blue) to show the differences in conformation. (b)
Conformational changes of Importinb when
(yellow). The IBBdomai n i s shown in red. (c) Con
(yellow) coiling around RanGTP (cyan, switch I in régh]

As depicted inFigure 1-6 there is a host of proteins that regulate the switch between
two states of Ran. Ran GTP is hydrolysed to Ran GDP with the help of RanGAP
(GTPaseactivating protein) andRanBPs (Raibinding proteins) in the cytoplasm.
Meanwhile, in the nucleoplasm, it is RanGEF (guamnuoeleotide exchange factor,
RCC1) which contributes to formation of Ran GTP. As a result, RanGTP is dominant in
the nucleoplasm, ereas RanGDP is located mainly in the cytosol. Since RanGDP is
constantly hydrolysed into RanGTP which then travels into the nucleus, there is a
RanGTP gradient across the NE. This Ran compartmentalization guides the

directionality of nucleocytoplasmicansport.

10
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Cargo-NLS RanGDP i  Cargo-NES
/Importin 1 | Exportin
Pi 3 RanGDP
K ! Pi
Cytoplasm F;aniﬁP E EanggP
~5% Ran anBPs ; anBPs
, e
\) \0) ; \0)
Hucions RanGDP :
~95% Ran >RCC1 | RanGDP
<—RanGTP H RCCl<
Cargo-NLS /\\) Importin i Exportin-Cargo-NES
RanGTP : RanGTP
Import Cycle é ExportCycle

Figure 1-6 Nuclear import and export cyc[®1]. The import cycle starts with creation

of a cargelmportin complex in the cytoplasm. Then the complérants with the

NPC. After the translocation into the nucleus, the complex interacts with RanGTP and
gets released from the cargo. The remaining femiportinRanGTR travels back to

the cytoplasm.In the cytoplasm the complex is disassembleBabh&AP which
promotes hydrolysis of RanGTP into RanGDP. Here RanBP1ssasreatalysis of the
hydrolysis After the separation another protein RanGAP is able to bind to RanGTP and
promotes hydrolysis of RanGTP into RanGDP. The new RanGDP translocates back to
the nucleoplasm by binding to a nuclear transport factor. In the nucleus it transforms
into RanGTP with the help of a protein RCC1. The export cycle is initiated by the
binding of RanGTP to an Exporiinargo complex in the nucleus. They are then all
transpoted into the cytdasm where the complex breattswn into independent units

by RanBPs. RanGTP again experiences the hydrolysis into RanGDP and travels into
the nucleus. In the nucleus it transforms into RanGTP by RCC1 and the cycle starts
over. The concerdtion of Ran in the nucleus is much higher than in the cytoplasm due
to the hydrolysis of RanGDP into GTP and transport into the nucleus.

Cargo import starts with the formation of a cakgwyopherin complex on the
cytoplasmic sideKigure 1-6). The docking sites for the transport receptor attached to
the cargo are the areas of large-fépeats density within FG nucleoporifis3], [52].

On the surface of karyopherins there are multiple sites for FG domain bifding
Therefoe, the FG nucleoporins act as mediators of molecular traffic through the NPC
[13]. Once the interaction between karyopherin and FG domains has been established,
the complex passes through the pore. The translocation occurs via reversible binding of

the karyopherinio the FGrepeats of the nucleoporins.

11
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The cargekaryopherin complex decomposes under the interaction of RanGTP on the
nucleoplasmic side. Since RanGTPandF@ peat s bind to differ:
RanGTP is thought to release Importins from FCclenporins by inducing a
conformational chang®3]. Thus, the RanGTHRnportin bond breaks the bond between

the Importin and the F&peat, as well as between the Importin and thgocarhe new
RanGTRImportin complex travels back into the cytoplasm. However, it is not
necessary for the transport receptor to interact with Ran since it is able to bind directly

to FG Nups[54]. However, it was shown that in presence of Réwe amount of

|l mportinb de c[55.#asatsobeen sugjghed thai BG demains change
topological position or even breakdown after transport receptor binding. The effect of

this on the transport mechanism remains unknf@af [56].

The export mechanism is similar to import. The cargo, with corresponding export
seqiences, binds to an exportin, which in tus bound to Ra&GTP on the
nucleglasmic side. Then the complex passes through the NPC and falls apart on the
cytoplasmic side by RanGTP hydrolysis. Ran returns to the nucleus by binding to the
nuclear transpoffactor 2 (NTF2), which has an affinity to RanGDP. It imports the Ran
molecule into the nucleoplasm. Due to this reutilizing prqdéssnumber of RaGDP

and RarGTP remains large in the c¢81]. However, NTF2abundance appears to be

the limiting factor in active nuclear passage, restricting the maximum capacity -of Ran

transpor{57].

The cargo translocation time across the pore is quite fast. The transport time of mMRNA,
for example, is 20 ms, excludinghe nucleoplasmic docking and cytoplasmic release
which takes about 80 njg], [58]. The dwell time of transport receptors on the NE was
revealed by means of singteolecule microscopy as being &1 ms[59]. It could be

limited to 1 ms if there were more karyopherins in the cycle.

1.5 Transport Models of the permeability barrier

The selectivity barrier resides in the central channel, which is occluded with
unstructured and natively unfolded H€&peats.To explain the selective transport

macromolecules (>40 kDa) through the NPC several models have been proposed. They

12
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are based on the studiesstfucture, functionality and the mechanical properties of the
NPC. The main models are described bdleigurel-7).

A Virtual gate B Selective phase

-

C Reduction of D Forest model
dimensionality

Figure 1-7 Transport models of the permeability barrier. A) Virtual gate (polymer
brush) modelB) Selective phase (hydrogel model); C) Reduction of dimensionality; D)
Forest mode]60].

1.5.1Virtual gating (Entropic brush)

The virtual gating model suggests that entrances into the central channel and the walls
of the channel are decorated with a loose and highly fluctuating brush of FG Nups
(Figure 1-7 Error! Reference source not found.a). According to this model, the large
cargo entering the pore should overcome an entropic barrier created by fluctuating FG
repeats inside the central chanf#d], [9]. The entropic barrier can be overcome by the
binding of transport receptors to the FG repedtgch collapse under this interaction

The energetic gain of the binding can pay th&agic penalty. It has beesuggested

that a cargo mabe translocated along the channeld®ng in a constant interaction

with FG-repeats. On the other hand, the small molecules pass through the brush without
affecting the movement of FG Nup&uch brush behaviour was observed by AidM

vitro when FGrepeats of Nup153 were tethered to gold nandédfs [62]. To mimick

the NPC dimensions, the size of the nanodots were about 100 nm in diameter.
Moreover, to bring the design of the substrdteser to the NPC, the gold nanorings
were introduced63] (Figure 1-8 a,b). The brustike conformation of anchored FG
repeats was confirmed by force spectroscopy, which showed anestiabincrease of

the force upon indentation of the tipidure 1-8 c). Furthermore, these experiments

shows a f@Arever si bdbneairsc oul ploanp sienot eorfa ctield]eo nF Gvi

13
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However, thishbehaviour was not found in other experimental setups with different type
of FGrepeats[64]. A more detailed description of this type of experiments can be

found in section 1.7 of this chapter.

C
AFM tip
104 \ 4
0.8 a
E 06+ 2032
8 044 | —
S Nanodot and cNup153
L 024
100% PBS
0.0 4
0.2

L) L) L} L} L} L) L) L) 1
0 10 20 30 40 50 60 70 80
Tip-sample distance D (nm)

Figure 1-8 a) SEM image of gold nanorings; inner diamet&7 nm, outer diameter

213 nm. (b) lllustsration of the AFM tip approaching the polymer brush anchored to the
nanoring shown in cross sectig®3]. (c) Force curve obtained from the polymer brush
formed out of F&lomains of Nup15[52].

1.5.2Selective Phase (Hydrogel)

The fisel ect i vescrilped thes MRC chramnel @d a siédee meshwork,
resulting from cohesive hydrophobic interactions betweenré@eatd37], [65], [66]
(Figure1-7 b).

In this model the F@epeats extend across the channel and restrict the translocation of
molecules larger than the mesh size. Therefore, sndlaules pass through the mesh
without interacting with FGepeats, whilst large cargoes may only translocate if the
transport receptors dissolve the meshwork. Local dissolution of the meshwork occurs
when transport receptors are competing with the wettkciibns between the FG
repeats. The formation of new Ffdmaini NTR bonds results in low activation energy

required to mediate the high flow rate of diffusion (120 MDa per second).

This model is partly based on the observation thatlB@ains can form a hydrogiel

vitro. FGrepeats of Nspl were triggered to form a gel when an alkaline solution with
FG-repeats was kept at physiological pH. The resulting structure was formed dee to th
hydrophobic and aromatic interactions and occurred in transparent and homogeneous
getform [67]. Moreover, these gels formed from f€peats were shown to fhiate

active, transporteceptor mediated transpd@5]. It was shown that the GLFG gel

14
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blocked entry of the inert MBRCherry fision protein, but at the same time permitted
>1006f ol d qui cker t he -cargotcomplexdifure BOn Furthmp or t i
experiments illustratechat only cohesive F@omains could form a functioning barrier
[28]. To confirm this, hydrophobic residues of cohesive Nup98 were mutated, and as a
result | mpor t i nbrepdas,iwhiehdvaststoownbon Welsterh Blot. Hl@&
broken permeability barrier was additionally confirmed oe thuclei which were
treated with immobilized lectin wheat germ agglutinin (WGA) to deplete original
Nup98 and complemented with mutant Nup98. Confocal microscopy showed that
neither active transport nor passive exclusion was sustained witcohesive FG
domains Figure 1-10). Thus, during the transport it is not only the interaction between

| mpor t i nrépeatthatimaie®, but also the interactions between thefeats.

To sum up, t h e isfAisuppaitedoly eexpérimems that Ishowed that
cohesive F&lomains can spontaneously form a hydrogel. This hydrogel functions as a
permeability barrier of NPC by excluding the inert cargoes but allowing fast passage of
the cargo with nuclear transport reaagt and passive diffusion of small molecules.

However, the role of nenohesive F&omains is not described within the model.

Simultaneous influx of MBP-mCherry and
IBB-MBP-mEGFPescimpp complex
into a saturated FG/FxFG hydrogel

Buffer side Gel side

||.,; N | >
SEAS

MBP-mCherry

IBB-MBP-mEGFP*scIimpf
I Gel

Y

> Influx direction Influx direction ————>

Figure 1-9 The experiment showed a simultaneous influx of an inert melé4BP

mCherry and another cargo IBBBP-mEGFP carrying the transport receptar

| mportinb. The upper panel shows a piece
and the left half is the buffer solution. The imaged were obtained using the confocal
microscopy and the influx was recorded over time (30 s, 10 min and 3(2&iin)
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a b

N Nuj
FG 58  O=SFGiae

500 nM 500 nM

Figure 1-10 WGAdepleted nuclei represent a closed nuclear envelope containing
nuclear pores and supplemented with (a) cohesive Nup98 and (fohesive mutant
Nup98. Both nuclei in (a) and (b) were subjected to the fluoresceAMEB (to test
active transport) ad fluorescent 70 kDa dextran influx (to test passive exclusion). The
final concentration of Nup98 used in both forms was 50028}

1BB-MBP
(active import)

70 kDa dextran
(passive exclusion)

1.5.3Reduction of Dimensionality

In the reductiorof-dimensionality model, the F@&peats are presented as a
hydrophobic layer of flexible FG Nupbat coversthe walls of the central channel (

Figure 1-7 ¢). FGNups collapse towards the outer edge of the NPC scaffold, creating a
surface of exposed FG repeatsd leaving a corridor of 10 nm diameter in centre of the

pore for passive diffusiof68]. Cargo bound with transport
surface reducing the diffusion to a two dimensional spdce., on the surface of

exposed FG repeats)s opposed to the three dimensions of inert cargoes.

The model assumes that karyopherinsimm@onstant contact with F@&peats. This was
confirmed by a beadpring model simulation, which were used to calculate the time of
the interactions between F@peats and Importins. It was found that the complex is in
contact with FGrepeats in 97% of #ir time [69]. Another study, using fluorescence
correlation spectroscopy, observed that the number of nuclear transport receptors in
NPCs is high, and that they are immoHif®]. However, in a different experiment it

was detected that Impns rather replace each other within NPC than resting there
[55].

1.5.4Forest model

In this model the FG Nups are described as polymers that can be in coltaqused
extended state§igure 1-7 d). Thus, the collapsed Nups are residing at the walls, while
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Nups in the extended state are stretched into the central chavallsl resembling
shrubs, while Nups in the extended state siretched into the central channel,
resembling trees and therefore similar to fofié&st configuration[71]. It was confirmed
that FGrepeats can be cohesive and 4gtohesive by examining-vitro assays built
from beadimmobilized FGdomains in of interaction with other F@mains[72]
(Figure1-11a). In a further study three conformations of-Fpeats were identified and
described as collapsewil and extendedoil or both of them. The collapsedil
conformation corresponds to shrubs and-t@mponent configuration to treeshi$
was deduced from the measured Stoke radii oine@eoporins and comparing to the

theoretical value corresponding to particular conformati@8k

The Af orest o model di st i ng uiffvdnteaated. $ideo z o
channels are designed for the diffusion of small molecules, whereas the central channel
is for the large cargoes. It is assumed that the narrow central channel is hydrophobic and
mainly positively charged, thus it would attract thegatevely charged cargo with
hydrophobic properties such as Importins. In addition, it is suggested that the central
channel is able to expand rapidly to let large cargo pass. In order to translocate, the
macromoleculdmportin complex pushes the FG Nupsrfr the central channel
towards the walls. However, this may be in conflict with some experimental evidence
from singlemolecule tracking, showing that karyopherins pass near the walls, while
small molecules diffuse through the central charfig]. On the other hand, there is

also evidence on the large cargoes translocatingighrthe central part of the channel

[74], for instance by monitoring a singieolecule translocation across the pore and its

position[75] (Figure1-11b).

a b
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Figure 1-11 a) Beadimmobilized GSFG nucleoporins incubated with soluble
fluorescent F&Gepeats to identify under the fluorescent microscope binding between
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mixed FGrepeats. In case of binding the fluorescent signal emerges from the rim of the
beads, while noinding is determined due to dark nfinorescent bead$72]. (b)
Density map of cargoe®dations within the central channel which were successfully
translocated across the nuclear pore. The map is colour coded illustrating normalized
density[75].

1.5.50ther models

Other models more or less coincide with the highlighted earlier models. Some of them
represent the joint mechanism of a few models such as those proposed el§éjhere

For Il nstance, there was a snadglgseapdlieddon t h
explain the behaviour of pol ymers within
model is used to describe the f€peat interactions at the periphery of the pore. Some
models propose that the directionality of the transport nbghtue to the gradual rise

of FG-Importin affinity from the cytoplasm to the nucleoplapfii]. Additionally, there

is a hypothesis that the tuneable cohesivenestieofFGrepeats can determine the

permeability barrier since it is dependent on therEeatg22].

1.6 Translocation across theNPC

Due to the high affinity of | mportinb t
located at the periphery of the chanj¥dl], some have suggestpt8] that the mediated
transport occurs in the peripheral area of the chaffnglire1-12 a), whilst the passive
diffusion occurs via the central channdbwever, in another stud®9], it was claimed

tha the periphery of the pore is designed for passive diffusion, while the centre is
dedicated to the active transpdiigure 1-12 b). However accordingo Density
Function Theory calculationghe transport routelepends on thénteraction strength
between the FG domains and FG domains WitlRs. Whenboth of thesenteractions

are not high enoughthe NTRs tend to accumulase the periphery of the pol@8]

while the centre remains free for FG domgiRgure 1-12 c). However, wherthey are
large, the NTRs try to occupy all the space availébigurel-12 d).
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Figure 1-12 a) Top view of the NPC, where blue corresponds to the scaffold of the pore,
andgreeit o t he | mpor t[7T3hl) schematic wiew bfahe poce showing
the ions diffusion into the peripheral channels upon direct current applicg@@in c)

top view of the pore generated by a simulation with weak interactions between the FG
domains and between NTRs and-f#peats. In the same manner (d) shows strong
interactions between the FG domains and FG domains witRsNIn (c) and (d) the

pore is divided into two parts: the colourmap on the left panel refers to the interaction
between the polymers in the central channel, whilst the right panel refers to the NTRs
distribution[78].

1.7 Characterisation methods to study NPCs

Since the discovery of NPC in 1958], its structureand function has been extensively
studied by various means. The structural characterisation was mainly implemented by
electron microscopy coupled with-Kay crystallography to resolve the cmpfration of
nucleoporins. Highresolution confocal microscomllows to measure transport across

the pores, whereas atomic force microscopy provides access to the topography and
nanomechanics of the pores. All the methods combined are able to provide structural
information of the nucleoporins that form the NPC, tleinfiguration, flexibility, and

along with that, transport kinetics and suggestions on the thermodynamics of the

process.

1.7.1Electron Microscopy

Electron Microscopy (EM) is one of the most used techniques to study the structure of
the NPC. Some ofthe first EM images were reatad in the late 1950s, where NPCs
were imaged as cylindrical formations embedded into the nuclear menjib@nieater,

in 1967 the eightfold symmetry of the pore was discovered by fBd]. The NPCs

were derived fronXenopudaevis oocytes and imaged by crglectron microscopy in
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frozen buffers by obtaining 64 slices along thaxis with a separation of 25/].

Since then, the resolution of the image has increased signific&iglyre 1-13 shows

the evolution of the EM imaging of the NPC from 1993 to 2015. In the initial images
the distal ring of the basket, the cytoplasmic ring and molecular density within the
central channel were identifig@], [4] and the dimensions for the outer and inner
diameter were estimated as 125 and 55 nm respectjt8ly Later, in 2013 the
configuration of some Nupwas resolved to up to 3.5 nfi@l], and in 2015 the
resolution increased to 2 nm which is highest resolution to [d8}e By imaging the

NPCs in transport inhibited state it was fouhdttsome nucleoporins in the nuclear
basket change their conformation depending on whether there is a cargo translocating or
not. Although the images are more detailed, the structure of the central channel is still
vague and sometimes excluded from ansjysecause the disordered, natively unfolded
nature of the FG Nups compromises the used averaging procedures.

a b c d
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[}
'S face
)
£
N Nucleoplasmic
® face
5
] Cytoplasmic
Q &
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Figure 1-13 The development of the spatial resolution in molecursdy maps as
determinedby EM. (a), (b) and (d) illustrationsre for Xenopus laevis NPCs and (s)

for human NPCs. The resolution increased fran=10 nm4]; b) 12 nm[3]; c) 3.5 nm

[81] to d) 2 nnm[10].

1.7.2X-ray crystallography

X-ray crystallography is a high resolution technique which enables to resolve structure
of the proeins at atomic level. J)Ray crystallography was problematic to implement on
NPCs, due to their large size and mobility of some parts. Instead, the individual proteins

or complex of proteins were crystallised and then put together to build the pore. This
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approach also complements the EM results. For example, 85% of the Nup84 structure

was resolved due to combination of EM and crystallogrqp8@ly

EM and crystallography have been effectively combined to gain structural information
of NPC, as exemplified by the structure of thecdfplex. The Ycomplex is a key
component of the NPC scaffoldrigure 1-14). It consists of several different Nups
formed into Y shape configuration shown by negasitaen EM[82], [83].

Organization of Y-complex Relationship to other

Y-complex arrangement in the NPC subcomplexes
Nupdt  pin3

Nup!20

Computational
model

Figure 1-14 Representation of-¥omplex as an assembly of Nups, their position within

the NPC scaffold shown in relation to other subcompleXas. first panel shows a
computational representation ofcomplex consisting of the following Nups: Nup84,
Nupl33, Secl3, Nupl45C, Sehl, Nupl20, Nup85. The second panel exhibits the
assemblies of -¢omplex organised into two rings alongaXis. The thirdpanel shows

the position of other Nups and complexes within NEZT.

The threedimensional structure of the-dmplex was imaged in yeast NPCsngs
negative stain EM. In this method the sample was imaged in tilt€) €60 untilted
positions to obtain different projections of the structure. Resulting 3D maps were
mapped with known crystal structures of yeast nucleoporiigp85, Sehl and Nup145
(Figure1-15). The space that was not mapped with the crystal structures was left empty
because currently there is no crystal structure developedrstMoéreover, instead of

yeast Nupl33 and Nup84, the human analogues were used (Nupl133 and Nupl07),
because no crystal structures were available for these yeast Nups. The resolution of the
structure achieved in EM images was 3.5 nm, whereas the resoddtitve crystal
structures, for example of Nup&&ehl dimer was 3% [84]. It is quite possible that the
estimated position of Nups might still change with the emergence of new Nup structures

and of higheresolution EM data.
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Figure 1-15 Mapping of aailable crystal structures of yeast and human nucleoporins
into the 3dimensional EM representation ofcémplex. Another view of the complex is
rotated to 98 around Zaxis. Crystal structures of the following Nups were fitted into
the 3D model of ¥ompex: dimer of yeast Nup85 and Sehl (dark blue and light blue
respectively), complex of yeast Nup145C and human SEC13 (dark green and light green
respectively), complex of human Nupl107 and Nupl133 (analogous of yeast Nup84 and
Nupl33, orange and red respeetiy) and human Nup133 (re[85].

Overall, by combining high resolution crystallography of individual nucleoporins and
relatively low resolution of EM data, the location amdentation of Nups could be
determined within the NPC scaffold. The low degree of order in the central channel,
however, complicates similar approaches to solving the structure of the selectivity

barrier.

X-ray crystallography has also been used extehsto study the interactions between
FG-repeats and transport receptf@8]. Moreover, it was also possible to study the Ran
binding interface when anchoring to the -Fépeats[87]. However, the nucleoporins
within the catral channel, which form the permeability barrier, cannot be crystallised

due to their unstructured domains that natively unfolded.

1.7.3High-resolution confocal microscopy

High-resolution imaging of the NPC has been done by many groups in recent years
using different variations of confocal microscopy. One of the first attempts to image

NPCs at high resolution with a confocal microscope was done in 1996 on 3T3 cells
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stained by alfiorescent anthucleoporin antibody88]. However, due to the diffraction

limitation of light, the NPCs were captured only as the bright spots.

Another attempt to diffentiate a single NPC was done on a whole nucleus of human
HeLa cells in 2008. As a result, only the distribution of NPCs on the surface of a
nucleus was determine[89] (Figure 1-16 a). However, recently the approach on
managing the diffraction limit has changed due to the method of gagiele
localisation techniquelhousands of subsequent images collectedtbghastic optical
reconstruction microscopysTORM) were averaged and individual NPCs could clearly
be resolved90] (Figure1-16 b).

Figure 1-16 a) Human HelLa cells nuclei scanned by {@wmton 4Pi microscopg9];

b) Human U20S nuclei snaed by STORM. The scale bar is 3 um and 300 nm
respectivel\j90].

In 20122013 two independent groups determined thel® symmetry of a gp210
membrane protein ofenopus laevislPCs by usinglirect (d)STORM, which creates a
separate snapshot olf i nekaicnhg 6c ¢Fiduhe &tX7 @pbh oa fe
[91]; and stimulated emission depletion fluorescence microscope (STED), which
achieve a high resolution due to-ebeciting the area around the centre of the excited
spot(Figurel-17 c, d, e, )[92], [93]. The lateral resolution was 15 nm. By averaging
the collected images of hundreds of NPCs, the internal diameter of the pore was
identified as 41+7 nnj91]. Additionally, the dwell times of cargoes wemeasured

[94], [75].
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Figure 1-17 a), (b) STORM andc), (d), (e), (NSTED high resolution images of nuclear
envelopes, showing thef@ld symmetry of the NP[1], [93].

Apart from identifying the position of the nucleoporimsd the overalstructure of the

NPC, the higkresolution confocal microscope also contributed into studying the
transport process and its kinetics at the shngtdecular level. For example, it was

found that the importin complex moves fast (2 ms) withia central channel and the
movement is bidirectiongl94], whereas the mRNA export takes longer (15)].

Overall, highr es ol uti on i maging of transl ocati o
docking and passage acrdbge pore. Thus, by observing the transport process and its
kinetics, the properties of the permeability barrier can be inferred but not be identified

directly.

1.7.4Atomic force microscopy

AFM has been widely applied for investigation of conformational amgthanical
changes of NPCs under different conditions such as variation of tempeegatditen

of calcium, carbon oxide, and exposure to drugs, in particular alcohol, glucocorticoids

and dexamethasone.

AFM Imaging of the nuclear pores

Effect of CQ

The increase of carbon dioxide in the atmosphere may directly affect the living
organisms. In this sense it is interesting to find out how the nuclear pores react to the
carbon dioxide exposure. The conformational changes of the NPCs such as flattening
and rarrowing were observed in the AFM topography after exposure to 59496

The diameter of the pore which was 84 nm appeared to reduce and the rim was blended
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with the central channel. After GOemoval, the NPC returned to its original shape
(Figure 1-9). However, there remain so questions about the appropriateness of the
sample preparation: samples were dried and only rehydrated for the AFM

measurements.

84 nm ey

64 nm

51 nm

79 nm

4 nm

Figure 1-18 Effect of CQ on NPC over time captured by AFM (a) control sample, the
diameter of NPC was 84 nm, the shape of central channel was recognisable. In (b) and
(c) 4 and 8 minutes after G@ddition, the diameters of the pore appears reduced to 64
nm and 51 m respectively. The central channel blended with the rim. In (d), the pore
has returned to its initial state after G@&moval, the diameter enlarged to 79 rj@b]

Effect of Calcium

It was found that the nuclear calcium store regulates the transport of molgg]les
Depletion of calcium inhibited diffusion of 10 kDa molecu[83]. However, as has

been reported elsewhef8] AFM time-lapse measurements did not idgntany
dramatic changes in topography upon calcium treatment. At low concentrations of
calcium (~10 nM), the pore showed opened and closed phases corresponding to the
presence or absence of calcium respectively which has been confirmed by another
study[99] where the cytoplasmic face showed an increase in the number of plugged
pores under calcium depletion. At a reduced concentration over 80% of the NPCs were
plugged. It was also established that the @ssmf blocking the pore was reversil€8]
(Figure1-19). The same sample was imaged after each manipulation with calcium. The
force was calibrated prior to scanning. The set point was set to be zero at the engaging

step to save the sample frormuzge.
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Figure 1-19 The reversible effect of &atreatment on NPCs (a) in presence of calcium;
(b) calcium depletion and (c) addition of calcium agg).

Effect of Glucocorticoids

Glucocorticoidsare the antinflammatory and immunosuppressive substances which
are used in drugd00]. They cause leakage of the NE barrier. This is probably due to
changes in hydrophobicity and dilation of the NPC. In this st{tgl] the
triamcinolone (TA), which is recognised as a glucocorticoid analogue, was used.
Significant changes in the strucé and permeability of the membrane, such as a notable
opening of NPCs, appearance of clustdfgyyre 1-20) and intense leakage of the
transport bater (Figure 1-21) were all measured. The changes were observed after 5
minutes of TA injection. The process was reversible measurements of permeability
performed an hour after treatment yielded results sinoldhose observed in the initial
state. It is believed that the increase in the hydrophobicity of the NPC might be due to
the binding of the hydrophobic TA with hydrophobic transport receptors to FG
nucleoporins. Thus, the accumulation of TA in the NPGymchange the
hydrophobicity, which in turn promotes the dissociation of the FG rich nucleoporins in
the pore and leads to NPC opening. Therefore, it was concluded that the NPC is
sensitive to hydrophobic molecules. Moreover, it was suggested that theuN8€go

lateral movement in response to TA because the nucleoporins limit NPC movement.
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Figure 1-20 The NPCs (a) before and (b) after the injection of Glucocorticoids. The
scale bar: 500 nnil01].

5 minutes after solvent injection 5 minutes after TA injection

Figure 1-21 Permeability experiments observed on fluorescent microscope with solvent
and TA[101].

Effect of Temperature

It is known that at low temperature the nucleoplasmic transport can be ga02gd

[103], [104]. If the NE was kept at low temperatur@@3 the cargo canebcaught in the
central channel. Consequently, the NPC would appear to be plugged. This was shown
by implementing timdapse AFM on NEs prepared dC4and 25C yielding 45% and

12% of plugged pores respectivgB] (Figure 1-22). This conclusion was drawn from

the results of a 3D tomography experiment of the NPC fixed in ice. Lowering the
temperature acts as an inhibitor of the transport, reducing the translocat&n

Increasing the temperature leads to an increase in transport rate.
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Figure 1-22 AFM scan done at (a)°€ and (b) 28C in contact mode of the same area
of cytoplasmic NE3].

AFM imaging of individual NPCs

Along with the topography image, where the conformational change of the pores can be
identified, a phase image is used as well to differentiate the properties of the material as
adhesion, surface charge, elasticity and etc. The phase image is recordgistieyimg

the phase shift bet ween the cantil ever 6s
mode of AFM. In the experiment conducted in referef33@, the nuclear pores were
imaged in height and phase chalsn It was found that the central channel appeared
differently in these two types of imageBigure 1-23 a, b). It was suggested that the
difference ould be due to the hydrophobicity of H€peats trapped in central the
channel. The phase image showed larger contrast in the central channel was observed.
To confirm the interpretation of the phase image in terms of enhanced hydrophobicity in
the centrac hannel |, a mutant of | mportin b kno
incubated with nuclei, prior to AFM imagingdrigure 1-23 (¢) shows the topography

i mage where the central channel is fille
(Figure 1-23 d) the contrast appearsome pronounced than in the nonportin phase

image which might mean the structure is more hydrophobic thatep&ats. Thus,

AFM is capable of resolving the difference which was not visible in the topography data
alone. However, it should be emphasiseat the interpretation of such phase images is

not trivial.
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Figure 1-23 (a) and (b) are height and phase images of individual pores with the
corresponding cross section. (c) and (d) show the heigt phase images of the pores
prei ncubated wB7WA.h | mportin b

AFM force spectroscopy on nuclear pores

AFM force spectroscopy can also differentiate between the states of the pores according
to the stiffnes data. In particular it was shown that under the ethanol treatment (0.05
2%)[105] the pores formed clusters on the nuclear envelope. AFM measurements of the
interaction forces betweemd sample and the tip showed that the pores grouped in
clusters were stiffer than pores independently spread on the membrane. For instance, for
a deformation of 10 nm, the forces applied to clusters versus free NPCs were ~300 pN
and ~100 pN respectivel¥igure1-24). The pores were scanned by 10 nm diameter tip.
Although the diameter of the tip allowed the authors to resolve individual nuclear pores,
force curves were averaged over larger areas to show the enhanced stiffness of the

clusters of nuclear pores
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Figure 1-24 Force curves of stiff and soft porgs06]. The clusters of NPCs formed
under ethanol treatent appeared to be stiffer than the freely distributed NPCs. The
force curve corresponding to the stiff pores is edgy and the contact point between the
sample and the tip is seen clearly. Meanwhile the force curve of soft pores highlights
the softness ofhe probed material. The AFM topography image of clusters and
independent pores is given at the top of the diagram.

Summary

Some preparation methods of the samples mentioned above involve the drying of the
sample, in order to achieve better adhesion ¢éodhbstrate, followed by rehydration
prior imaging. The majority of the AFM experiments described were done with either
chemically fixed samples, samples exposed to some detergents;dae@isamples.

Thus, the discussion on the effect of various chalmiapon the NPC was done when it
was no longer in a functional state. Ideally, the sample should always be in the buffer,
hydrated and with no chemical fixation as it was describ¢87hand[3]. Both contact

and tapping mode worked fine for NPC imaging.

AFM imaging on the model systems
There is another cluster ofork done by AFM on artificial systems mimicking the
permeability barrier and FGonformations.

Polymer brush behaviour as observed by AFM
The AFM Force Volume technique was used to determine the nanomecloénics
polymer brushes formed by F@mains (Nupl153) covalently anchored to the gold

nanodots (100 nm in diametdBH2]. It was assumed that individual Fd@mains from
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one type of nucleoporin behaves in the same manner as othgorR@ns within the

NPC (from different nucleoporins). Such brushes showed a uimasy steric)
repulsive force resulting from the compression of the polymer chain by the AFM tip
(Figure 1-25, top curve). U p o rthis &rdstd seemed o calldpse.l mp
Mor eover, the effect of coll apsed stat e
concentration. Thereby, at the highest concentration used (33 nM), the force curves
were steeper than at lower concentrations (115 fM and 2.p (PMure 1-25). The

applied force was the same for each measurem@&® nN. It was suggested that this
transition in polymer brush state is duethe FGrepeats collapsing upon interaction
with I mportinb. When RanGTP was added to
due to the RanGTP ef f ec+HGrepéat imarastiorn theat i ©
interpretation of these experiments has been @oatpd by the fact that the collapse

was oObserved at |l mportinb concentrations
conditions; and rather p riraicédecatlapsel vasaol vy

observed in various followp experiment§l07], [108].

Figure 1-25 The top curve was acquired in the PBS buffer and represented the extended
FG-repeats of cNup153 by showing exporaritehaviour. The following three curves
show the polymer brush under the I mport.i
fM, 2.5 pM and 33 nM). The higher the concentration, the steeper the force curves,
meaning stiffer sample. The state of the pelybrush is illustrated on the left from the
curves[62].

An apparently similar collapse of F@peats (from Nupl53) was also observed upon

exposure to 5% 1;Bexandiol[61]. The results were shown inrfo of force curves and
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stiffness maps. The same sample as described above was probed in Force Volume with
similar force applied (1.2 nN) for both extended and collapsed states. As it was expected
in the relaxed state of the brush, force curves showed srepulforces with
approximately exponential behavif@ure 1-26 a, black line), while after the treatment

with hexanediol force curves appeared steeper and showed strong attraction to the
surface Figure1-26 c, red line). Moreover, when the tip is unloading from the collapsed
brush, the curve showed sudden jumps, indicative of unfolding events of thepE&

caused by the retracting AFM tip.

Along with force curves, the relative stiffness of extended and collapsed brushes was
quantified and represented in stiffness majigure 1-26 (b) shows clar difference in
stiffness between the nanodot and surrounding area. The nanodot covered with FG
repeats appeared twice softer than the area around it. Conversely, the nanodot with
collapsed F&epeats under hexanediol shows the stiffness close to tloensdimg area
(Figure1-26 d).

In another study by means of confocal microscopy, it was shown that hexanediol
disrupts the interaction between ¥€peas [72]. Taking this into account one can
suggest that <coll apsed state of the brus

pore.
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Figure 1-26 a) Thetip-sample interaction was recorded on F&peats tethered to the
nanodot. The black line corresponds to the trace (loading) force curve, exhibiting a
repulsive force, and grey line representing the retrace curve with few stretches
corresponding to unfoldg of FGrepeats. Red and blue curves show trace and retrace
force curves respectively collected from the surrounding area. The illustration on the
left shows height image of the nanodot. (b) Stiffness map (32x32) shows in dark the
nanodot indicating itsoftness and in light blue the surrounding area which appears
harder. (c) Trace (red) and retrace (blue) force curves collected from the nanodot
(height image on the left) with F@peats subjected to the hexanediol. The shape of the
force curves indicatethe hard surface. The sudden jump in the retrace curve shows the
height at which the F@epeat detached from the AFM tip. (d) Stiffness map of the same
nanodot (16x16) showing the stiffness of therB@eats exposed to hexanediol, which

IS comparable tohe stiffness of the surrounding arid].

AFM imaging of polymer brushes formed by PEG

Similar experiments were done on the gold nanorings wherke used as a substrate for
polyethylene glycol (PEG) anchorifj§3]. The size of the ring was close to the size of
real NPC- 87 nm and 213 nm for inner and outer diameters. PEG was used as a model
system for the polymer brush formed from the-feBeats due to the similarities in their
nanomechanical behaviour, as camid by analogous force curves. As it can be seen
from Figure 1-27 (a), the force curves collected from the functionalised nanoring also

show a longrange repulsion as the Fddmains in the experiments described above
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[61]. Force curves acquired from the silicon substrate illustrated a steep inoir¢ase

force which indicates a hard surface. The applied force in all cases was 300 pN. A
corresponding stiffness map was also presented where the nanopore appeared softer
than the surrounding areBiqure1-27 b). The same result was achieved before with the
FG-domains instead of PEG chains. In the same manner the collapse of PEG was
observed as the collapse of 86mains. The compact state fo tREG brush was
acheived after exposure to poor solvent (10% 2opanol ) . As a res
Acl osedd configuration of the pore was ¢
extended state respectivelfigure 1-28). This is in agreement with the previous
suggestion that upon collapse of the brush, the pore does not have a selectivity barrier.
The brush was restored to its original extended stathagging the buffer with no-2
propanol.

These results show that synthetic polymer brush have similar nanomechanical
behaviour as the natural F@peats from nucleoporins and may construct a physical
repulsive barrier.

Relative
Stiffness
(N/m)

-650€-3

-3.7563

Force (nN)

=1 00€-3

Figure 1-27 a) Force curves obtained from silicon surface (orange), rim of the
nanoring/nanopore functionalised with PEG (red), and the inner part of the
nanoring/nanopore (blue). The latter one has the demonstration of theartiple
interaction depending on the position of the tip with regard to the pore. (I) shows non
contact area, when the tip is far above the pore. (Il) shows therbonge repulsion of

the tip when it started to interact with the brush. (lll) illustrates the casenwhe tip
penetrates the brush and measures the hard substrate, which was shown as rapid
increase of repulsion. (b) Stiffness map of the nanopore functionalised with PEG where
the surrounding area appeared stiffer than the nanop@3g
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Figure 1-28 a) Collapsed PEG tethered to the nanopore upon change of the buffer to
poor solventi 10% 2propanoli f or med fAopend state of the
state of PEG on the nanopore, showing fAc
nm[63].

Hydrogel behaviour as obsevdy AFM

In a more collapsed state, polymer brushes ofrégeats can also form thin films or
hydrogels. The F@Glomains were grafted with one end to the supported lipid bilayer.
Few aspects were kept similar to the NPC such as grafting only from one B of
domain, density of F@epeats and dimensions (thickness of the film) which is
comparable to the size of NPC. It was shown that extremely cohesidup§such as
Nup98 formed stiffer films than partially cohesive N8I, and norcohesive Nspil
FILV-S FG-domains[22]. Two latter FGdomains illustrated longange repulsive
forces during AFM tip indentatiorFi{gure 1-29 a). This result shows that depending on
cohesiveness of F@&peats they may be arranged into the steric polymer 4ikesh
conformation or form croskinked hydrogels which are stiffer. Based this results it
was concluded that the polymer brush and the gel are the two extremes of the range of

states which can be tuned by cohesiveness efepéats.

Interestingly, these results did not show any significant collapse upon interaction wit

| mp o r[@4]i (Rgbre 1-29 b), as it was shown previously with polymer brush of FG
repeats from Nup153 on gold nanodot substrates (see above). Only a slight increase in
thickhn ess was observed upon incubation with

displace FGdomains and interact only with nearby ¥fé€peats.
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Figure 1-29 Force curves obtained in Force Volume from the supported lipid bilayer
(black) and (a) FGdomains: Nup9&jlyco (OGIcNAecmodified Nup98, orange), Nspl

WT (blue), NspFILV-S (mutant, green22]. (b) Force curves recorded in presence
and absence of 1 OM | mpor t i-domaing goluefandl ms
orange respectively). Force appliédip to 0.70.8 nN[64].

Summary
AFM measurement on model systems thus showed rather diverse nanomechanical
behaiour, where it requires further study to determine to what extent such results can

be extrapolated to the permeability barrier in the NPC.

Conclusion

As illustrated above, many AFM experiments been carried out have to investigate
conformational changesf NPCs via topography imaging under different conditions.
The investigation of the nanomechanical properties of the permeability barrier was done
only using the model systems, providing indications of polymer brush and hydrogel
behaviour of F&@epeats orynthetic polymers. In this thesis, we use AFM not only to
achieve higkresolution imaging, but also extract the nanomechanical data from the
individual NPCs, including their central channel that contains the permeability barrier.

1.8 Thesis outline

In this thesis the permeability barrier of the nuclear pore complexes (NPCs) was studied
with atomic force microscopy and laser scanning confocal microscopy. The nuclear

envelope preparation for measurements is described in detail in Chapter 2. The general
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setup of the microscopes, operational principles and protocols of the experiments are

described in Chapter 3.

In the chapter 4 the AFM method called Force Volume is described and validated on the
model systeni polymer brushes which is responsive to pifechange and can occur in

two states: collapsed and extended. The nanomechanical properties of both brush types
were compared to the NPCs central channel, in Chapter 5, to identify what its material

is like in the permeability barrier: more brukske or getlike, where the latter roughly
corresponds to the collapsed state of a brush. However, since there have been several
claims that the appearance of native NPC is affected by the presence ef cingé in
transport, it was d e cmeanmgl to removedcarges And  t h
karyopherins, with the reagents that enhance the transport process and digest the nucleic
acid. This leads to the Chapter 6 where the nanomechanical data acquired from NPCs in

their Owashedod state i s discussed.

Chapter 7 apmaches the study of the NPCs via new advanced AFM technique called
Peak Force Quantitative Nanomechanical Mappifigs technique is faster and has
higher resolving power, and may thus also provide a route to a higher throughput
nanomechanical charactetism of NPCs. The nanomechanical data of NPCs collected

from both new and conventional Force Volume are compared.

An alternative route to understand the NPCs transport mechanism is to manufacture and
study siliconbased biomimetic nanopores. These namepare built from silicon and

can be functionalised with proteins to mimic the properties of the true NPC. Chapter 8
describes preliminary results on nanopores characterisation and the also required surface

passivation.
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Chapter 2 Sample Preparation

2.1 Preparation of the nuclear envelope

Stage IVXenopudaevis oocytes, which are in the middle of their development cycle,
were used as the material for studying the nuclear pore complexes. Their large cells (~1
mm in diameter) with huge enclosed nuclei (6:30n in diameter) are very convenient

for manual isolatiorj109]. To characterise the physical parameters ofnilngdear pore
complex NPC) using AFM, the nuclei and nuclear envelopes must first be isolated.
This protocd for AFM sample preparation is also the basis for other experiments
involving NPCs, such as the temperature dependence experiments, and the confocal
microscopy experimentslhe glass coverslips used as a substrate during the sample
preparation differ depeling on the microscope used. For the AFM experiments,
circular glass coverslips of 13 mm diameter were used; whereas for the LSCM
experiments, 22x30 mm rectangular coverslips or 45 mm diameter glass bottomed Petri
dishes were utilized. The glass was 601B6 mm thick All the coverslips were cleaned

with 70% ethanol, rinsed in MilliQ water and dried with Kimipes.6-8 Petri dishes
(plastic with a diameter of 35 mrfor sample preparation were first incubated with 1%

BSA for at least 20 minutes to prevent nuclei sticking to the bottom of the dish.

2.1.1Nuclei isolation

The oocytes were stored &G4 i n Bar t I8®mM NaGl, 1 mM KGI, 0.41
CaCl2, 10 mM HEPES, 0.3®M Ca(NQ),, 0.82 mM MgSQ, 2.4 mM NaHCO3, pH

76 [110. Def ol I i cul ati on of o0oocytes was perf
Petri dish using twesers under the stereomicroscopey(re2-1 a,b). After the oocytes

had been separated from each other, they were transferred into a 3 ml solution of a
nuclear isolation medium (NIM: 17 mM NacCl, 90 mM KCI, 10 mM MgClI2, 10 mM
TRIS, pH7.4) supplemented with 1.5%olyvinylpyrrolidone40 (PVP). For isolation,

two types of Dumont tweezers (World Precision Instruments) were used: #5 (tip 0.10 x
0.06 mm)i to hold up the oocyte at one particular position; and #55 (tip 0.05 x 0.01
mm) i to penetrate the cell and open it up. The single oocyte was fixed between the two
legs of tweezers #5, whilst the fine tweezers (#55) were used to gently pierce the oocyte

just off the equator line, into the darker coloured tissue. The fine tweezers were then
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dowly opened up to enlarge the tear in the oocyte. This was done ensuring that the
tweezers were held perpendicular to one another at all tifmgar¢ 2-1 c, d). After
enlarging the holéFigure 2-1 €), the oocyte was pushed, using tweezers #5, from the
side of the oocyte situated opposite to tis@r, to make the nucleus protrude from the
cytosol Figure 2-1 f, g). The nucleus was washed away from the cytosol into the
surrounding medium usirg pipette functionalised with a glass capillary fmg(re2-1

h). It is inadvisable to touch the nucleus with the tweezers or to let the air mteifler

it, to prevent it from being damaged. The excess cytosol on the nucleus was washed
away by continuous pipetting. This is an important step which helps to avoid
contamination during the microscopy measurements. The isolated nucleus was
transferred toanother Petri dish with NIM containing 1.5% PVP. Nuclei were

transferred using the glass capillary tip only.

Figure 2-1 a) a stereomicroscope; b) manuwgfolliculationof oocytessonnected with

their ovarian follicles.Schematic representation of nuclei isolation using two pairs of
tweezers; c) fixation of oocytes with tweezers; d) piercing the oocyte in the area
perpendicul ar to the #feqgandg)widkidngupithe holet h e
by opening the tweezers; f) pusithe back of the oocytes with the blunt tweezers to
squeeze out the nucleus; g) nucleus popping out of the oocyte; h) glass pipette tip
connected to the 200 pl plastic pipette tip with parafilm. Thedadride tip was exposed

to fire to smoothen the glass tip; i) Petri dish with damp tissue at the bottom to store the
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glass coverslip with the sample; j) swollen nuclei in NIM; k) glass rod with a rounded
end; |) the nucleus pierced with a metal needle; he) metal needle as a hook; n)
isolated nuclear envelope on a glass coversiiages in (g), (I) and (n) are courtesy of
Munster Institute of Physiolog@ermany

2.1.2Nuclear envelope isolation

Prior to the isolation of the nuclear envelope, coverslips we@neld in 70% EtOH,
rinsed in pure water and dried with Kiwipes. Afterwards, they were incubated with

60 pl of 0.01% Polyt-Lysine (SigmaAldrich, UK) for 20 minutes and washed with
NIM. The coverslips were stored in a humid Petri diBlgyre 2-1 i). For the AFM
samples the coverslips should be marked with a small spot on the underside of the
coverslip with a black indelible marker to identify the area for isolation; this also helps
to find the sample on the AFM camera when imaging.

The isolated nuclei were placed into the Petri dish with NdWabout half a minute
(Figure2-1j). When the nucleus had started to swell, it was gently pipetted a few times
and transferred onto the coverslip, fmeated with Poht-lysine. The nuclei were then
gently pressed with the rounded point of the glass neediarg 2-1 k) to attach them

to the substrate. When the chromatin detached from the membrane, the nucleus was
pierced with a metal needleFigure 2-1 |, m). By dragging the needle across the
nucleus, the membrane was ripped, so that the chromatin can be pulled out from the
nucleus; meanwhile, the membrane was stretched inliteetion of the needle. The
remaining membrane was spread as flat as possible with the cytoplasmic side facing
upwards, with special care taken to flatten the edges. The centre of the membrane was

left untouched to prevent it from being damaged priomtaging Figure2-1 n).

Next, the NIM buffer was changed to NIM supplemented with 8% PVP to attach the NE
to the glass. For further AFM measuremetits, sample was stored overnight & 4n

a humid Petri dish. If fixation was needed, the sample was incubated in 1%
glutaraldehyde for 30 minutes the next day, followed by a wash in NIM 8% PVP. Prior
to AFM measurements, the buffer was changed to NIM age&. The same procedure

was repeated for each nucleus.
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2.1.3Instrumentation for nuclear envelopepreparation

Some of the tools were adapted specifically for the purpose of nuclear isolation such as
needles and glass capillary tips. This section describes the fabrication, handling and

cleaning of the tools used for nuclear isolation.

Fabrication of needles for nalear envelope preparation:

The narrow end of a glass Pasteur pipette (150 mm in length) was filled with an epoxy
glue reaching a depth of 5mm. A thin needle (or Minutien needle) was inserted into
the tip using tweezers so that only 5 mm of the needke protruding. This was left for

2 days to allow the glue to dry. Afterwards, the end of the needle was bent into the

shape of a hook using tweezers under the stereomicroscope.

Fabrication of a 6capillarydéd for nuclei |

Since the nucleus is a verglttate material, it requires careful handling. In order to
transfer nuclei carefully from one buffer into another a thin glass capillary tip should be
used. It can be made by taking a glass capillary of 5 cm in length, with outer diameter
1.65 mm and inmediameter 1.1 mm; and a regular tip of volume 200 pl. The regular tip
was cut at the top so that the capillary can go through it. The capillary was protruding
from the tip by 3 cm, and parafilm was used to firmly bind them together. The end of

the capillay was smoothed using the flame from a Bunsen burner.

Coating of materials with Bovine Serum Albumin (BSA)

Incubation of tools in 1% BSA prevenéslhesion of proteins to their surfadéd1].

Small petri dishes (diameter -3® mm, height 120 mm) were filled with 70Qul of

1% BSA solution and left overnight af@ The next day before the experiment, they
were upturned onottissues, and left to adry for 30 min. Alternatively, dishes may be
incubated for at least 2 hours at room temperature and then dried for 30 min. Needles
are incubated in a horizontal position by filling a test tube (1.5 ml) with QD%

BSA. Needlesare always kept in 1% BSA, at room temperature. The same procedure
should be undertaken for tweezers: one Eppendorf vial (1.5 ml) for each pincer (tip),
should be incubated one hour prior to experiments. Capillaries for nuclei transfer are

incubated in aertical position in a test tube filled with 5@0of 1% BSA. Every day, it
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is necessary to check the amount of solution in the vials to ensure they do not dry out

(otherwise the needles and capillaries will stick to the vials).

Cleaningtools

After the experiment has been completed, tool cleaning should be undertaken. The
tweezers were cleaned by wiping them with ultrapure water. Needles were cleaned by
scratching their surface at the edge of tiheezergo remove the pieces of membrane
and cmomatin which were attached. Capillaries do not require the cleaning procedure:

the pipetting in NIM is enough.

2.2 Preparation of nanopore devices

The fabrication procedure was performéd collaboration with Imperial College
London, Chemistry department. Than of this preparation was to develop a channel
lined with a ring of gold: a metal which enables protein adsorption.

2.2.1Fabrication of nanopore devices
This section describes the fabrication of the nanopores, which was carried out by Dr.
Agnieszka Rutkowsk and Dr.Joshua Edel from Chemistry Department, Imperial

College London.

A nanopore is a hole or a channel made from biological or solid state materials. In this
project silicon nitride (SN4) was used as a substrate to prepare a nanopore device. The
naropore may vary in size from 1 to >1@fh. The channel could be conical, cylindrical

or hourglass shaped depending on the preparation métiaq [113]. In this wak the

nanopores were prepared using the focused ion beam technique.

The pores were produced onmreembrane fabricated from SiO/Au/Ti/SIN with a total
thickness of 210 nm. The membrane was held on a 300 um thick silicon layer with a 75
nm layer of SJN, coated on both side&igure2-2 (a) shows the image from the AFM
camera of the nanopore device. The part of the device that appears as a blue square is a
membrane, 70 um x 70 um in sizE€igure 2-2 (b) illustrates an SEM image of the

membrane with an array of pores regulapaced at a distance ofufh.
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Figure 2-2 a) A JPK Nanowizard camera shows the nanopore device from underneath.
The blue square represents the membrgdhg An SEM image of the membrane from
above, showing the nanopore arraysHM image courtesy of Dr. Agniezska
Rutkowska).

The fabrication proes of the membrane started by coating the silicon wadarboth

the top and bottom surfaceswith silicon nitride (75 nm) using plasma enhanced
chemical vapour depositiofrigure 2-3 a). The bottom surface of the newly deposited
silicon nitride was carved by reactive ion etchifgg(re 2-3 b). The titanium (3 nm)

and gold (100 nm) were deposited by a physical vapour deposition technique on top of
the Si wafer Figure2-3 c¢). Ti was used as an adhesion layer for the gble silicon
surface on the underside of the device was etched using a potassium hydroxide solution
(Figure2-3d). On top of the gold, the silicon oxide (30 nm) was deposited using plasma
enhanced chemical vapour depositiéinally, the pores were drilled on the surface
using the Focused lon Beanirected from the bottom to the top of the device

penetrating the layers of silicon nitride, titanium, gold and silicon adpire2-3 e).

The naopores were drilled from the bottom through layers eN&iTi, Au and SiQ

using the focused ion beam meth&dg(re 2-3 d). The shape of the channel after ion
beam treatment usually appears as a cone with a larger diameter at the beam entrance
[112] (Figure2-4 a). The nanopores were characterised from the top layey) (Biich

is the exit site of the ion beam. Finalk ring of gold was formed by drilling into the

centre of the channeFigure2-4 b).
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Figure 2-3 The fabrication steps for nanopore preparation: a) plasma enhanced
chemical vapour deposition of38i onto Si wafer; b) reactive ion etching of;/%
bottom layer; c) physical vapour deposition of Ti and Au onto the toghdfI8yer; d)
potassium hydroge etching of the bottom layer of Si wafer; e) plasma enhanced
chemical vapour deposition of Sié@nd Focused lon Beam milling of the pores from the
bottom of the device through the layers @NgiTi, Au and SiOXImage courtesy of Dr.
Agniezska Rutkowa).

a b 10-150 nm
30 nm
100 nm
SiO, 75 nm
Au
————— SiaN,

Figure 2-4 a) ATEM image of across section of the conically shaped channel drilled
by focused ion beam in a silicon nitride layer at 1 pA current. The channel was filled
with Platinum @t) in order to visualise the nanopore. The FIB was directed from
bottom to top in this imagelungsten \(V) coating was implemented to avoid the
charging effect of silicon nitridat the beam entrand@12]. (b) Geometry of the silicon
nanopore with a thin layer of gold in the middle (100 nm). The lower silicon nitride
layer is 75 nm tlgk, and the upper silicon oxide layer is 30 nm thick. The diameter can
vary from 10/ 150 nm.

The diameter of the nanopores can be controlled by regulating the current, voltage and
drilling time. With a smaller current, a smaller diameter is formed. For example, at 1
pA, and a beam exposure time of 10 s, a diameter of about 17 nm cahideedic
whereas at 10 pA with the same exposure time, the diameter is 60 nm; and at 50 pA, an
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80 nm diameter pore is formed. This was done at a constant voltage of Jalé (
2-1).

Table2-1 Average diameters of pores formed using the ion beam with different values
of exposure time and current, at a constant voltage of 30 kV (data were provided by
Department of Chemistry, Imperial College London).

Time, s| 0.5 2.5 5 10 15 20 30 40 100

1pA 15 17 nm 25 nm 30 nm | 45 nm

nm

10 pA |10 30 40 60 nm

nm nm nm

S0 pA |28 50 60 80 nm | 100 >100

nm nm nm nm nm

The final sizes of pores chosen for characterisation were 60 nm, 80 nm, 100 nm and
>100nm. Such a variation in size is important for testing the confinement of proteins in

different volumes in order to examine the behaviour of polymer phases.

2.2.2Cleaning ofnanopore devices

Prior to imaging, the nanopore devices should be cleaned appropriately. To remove
trapped air, the samples were incubated in acetone for 30 minutes, followed by
subsequent washes in 75% and 50% ethanol, and rinsing in MilliQ water. mpiesa

were dried with cleanroom cloth. Each side of the device was subsequently plasma
cleaned for 5 minutes to remove any organic impurities and increase its hydrophilicity.

Devices were stored in 50% ethanol.

2.2.3Cleaning, passivation and functionalisationof gold and silicon
chips

For simplicity, the gold and silicon chips were used to test the success of the
functionalization and passivation processes, rather than using the nanopore devices.
The cleaning of gold and silicon chips involved the followingpst incubation in

acetone for 30 minutes, rinsing with Isopropanol and then drying with a nitrogen gun.
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Afterwards, the samples were exposed to UV light for 45 minutes to deadsbn
oxygentbased compoundfl14]. At the end, samples were kept for 30 minutes in

ethanol and dried with a nitrogen gun.

As a passivation agent, polyethylene glycol (PEG), which self assembles on the surface,
was used. To cover a silicon surface, PEG is functionalised with a silane group (2
[Methoxy(polyethyleneoxy)propyl]trimethoxysilane), to form covalent bonds with
silicon. On the other hand, when passivating a gold surface, the PEG is functionalised
with athiol group (HSC16-EG3-OMe), which can bond covalently to gold.

Silicon was passivated first to ensure no binding of yeast nucleoporin Nsplto anywhere
apart from the gold in the nanopore devices, and then the gold was pmabgivat
guarantee that the Gre Huorescent Protettabellednuclear transport factor 2 (NTF2
GFP)will bind to Nspl exclusivelyCleaned Si chips were incubated overnight with
PEG silane (40 mg/ml in absolute EtOH), and then the following day, were incubated
with 600 pg/ml Nspl nuctgporin for 30 minutes in HEPES buffer (10 mM KCI, 90
mM HEPES, pH 7.5); then incubated for 1.5 hours in REG& (10 mg/ml in EtOH) if
required; and finally with 100 pg/ml NTF&FP for 15 minutes prior to imaging.

The PEG was washed off with ethanoldahe excess ethanol was removed with the
nitrogen gun. After Nspl incubation, the samples were dried with the nitrogen gun.
Nspl has a tagontaining four cysteines at thetBrminus and was provided by Dr.
Murray Stewart, MedicalResearch Council Laboratory of Molecular Biology,
Cambridge. Cysteines have a thiol group which can covalently bind to the gold surface
[115].

2.2.4Characterisation of nanopore devices and gold/silicon chips

AEM: The nonfunctionalised nanopore device or functionalised gold chip was glued to
the glass coverslip with silver paint prior to imaging the pores. The HEPES buffer of 40
pl volume was added on top of the devidgde AFM scan was conducted anJPK
Nanowizardl in a HEPES solution in contact mode, covering a large area of up to
25x25 pnd. The individual pores were imaged at a scan size of 5x3. [Tine

functionalised gold surface was characterised using Force spectroscopy on AFM.
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Confocal microscopyin order to test the capability of imaging the nanopore devices on

a confocal microscope, 3@ Dil-Alexa546 with molecular mass of 4 kDa was used.
The HeNe laser with an excitation wavelength of 543 nm was used to identify the Dil
signal. Prior to this,the nanopore arrays were checked with scanning electron

microscopy at Imperial College London.

To test the specificity of Nsphiinding to gold and silicon surfaces via tN&F2-GFP
signal, the custom built confocal microscope was used. It had a set oér§i| in
particular, a488 nm StopLine® singtaotch filter, and a525/30 nm BrightLine®
singleband bandpass filter, both of which were located before the detéb®single
notch filter was used to block the excitation light of 488 nm coming fromahwple,
whilst thesingleband bandpass filter was used to allmwy emission light to reach the

detector.

! Homebuilt by Dr. Alan Lowe inDivision of BioSciences, UCL
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Chapter 3 Characterisation Methods

3.1 Atomic Force Microscope (AFM) operationalprinciples

The sphere of influence of atomic force microscopes has expandmdsace its
invention in 1985 by Binnigl116]. AFM is a part of the scanning probe microscopy
family and is able to measure both ingwg and conducting materials. It can also scan
samples in ambient air and liquidhe ability to scan at high resolution and its power to
sense forces at the molecular levels in buffer solution makes AFM a valuable tool for
the characterisation of biolaml samples. Thus, high resolution images of biological
substances such as cells, nuclear membranes, proteins and nucleic acids can be
obtained. Resolution can also be improved by increasing the sharpness of the probe and
the stability of the system. Meover, AFM can be utilized in force spectroscopy mode,
which allows measurements of intramolecular forces, acquisition of elasticity and
adhesion data, providing new vision into structural and functional properties of
biological samples.

The main compartnmgs of the AFM setup are: piezoelectric scanner, a signal detecting
system which consists of a photodiode and a laser bemuré¢ 3-1), a cantilevemwith

mounted sharp tip (of diameter-210 nm) and a feedback system to maintain the
cantileverds deflection. The cantil everd
such as the mechanical properties and the topography of the surface. The cantileve
bends when the tip is in contact with the sample. The deflection is detected by the 4
guadrant photodiode using a laser beam which is reflected from the gold/silver coated
back of the cantilever, which serves as a mirror, to the photodetector. Theiptietod
measures the deflection of the cantilever in both the vertical and the lateral directions by
comparing the readings from the tbpttom segments andight-left segments

respectively{117].

The signal, measured at the photodiode, is analygedfeedback circuit. The feedback
loop controls the force applied to the sample. If the force can be maintainedsat the
value, then the cantilevateflection can be maintained as well, since the cantilever

behaves as a spring.
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Mirror

Laser

Photodiode Cantilever

Liquid
Sample
Tip

Z
]

Figure 3-1 The AFM set up. The laser is focused onto the reflective back of the
cantilever and passes onto the photodiode and is then processed by a feedback circuit to
maintain the defection of the cantilever. Tiezo tube ensures the neovent of the
sample along X, Y ardli axes[118].

Scanner

The main parts of the feedback loop along with cantilever and optical system are a
feedback circuit and a piezoamer. The optical system obtains the height of the
surface; the feedback circuit maintains the deflection of the cantilever at a set value by
managing the voltage applied to a piezo scanfigiufe 3-2). In many AFM systems

the piezo scanner is made in form of a cylinder (and hence called piezo tube) which
provides high stability and controls the movement of the sample in the X-Y, Z
directions during measurementsThe tube is made of piezocrystals which tend to
expand or contract when there is a voltage gradient agili&d. In the tube there is a
cylindrical whole piece obne electrode which expands or shrinks in tkdirgction. It

is surrounded by 4 other electrodes which are responsible for the X-amayé&ments.
When a voltage is applied to the electrodes the piezoceramics extend or contract to
move the sample in thredimensions. The measurement of the piezo tube movement
along Zaxis corresponds to sample height. The images can be obtained faster if the

feedback system can correct the variations of cantilever deflection faster.
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Figure 3-2 A tube scanner. If the voltage is applied to one of the external quadrants the
tube tilts away from the central axis. In case of voltage application to the inner
electrode, the tube moves irdiZection(Image courtesy of PaiBystems, Korea)

The closer the tip approaches the sample surface the larger the attraction between the
surface and the tipF{gure 3-3). At a distanceof few nanometres there are far range
forces exerted on the tip such asn der Waals forces, electric and magnetic, and
capillary forcesThese far range forces are usually greatly reduced ircaatfining
aqueous solutiond¥hen the distance between the tip and the sample becomes about a

few angstroms the repulsive forces dominate.

Force

A

intermittent-
contact

repulsive (semicontact)

force

tip - sample
distance
Do

Y L] :
attractive E L//~
force ' i
- G = -
noncontact
region

contact
region

<
T~

Direction of the tip’s movement

Figure 3-3 The force diagram, showing which interactions tip and sample undergo
while the distace between them is getting smaller. There is no cantilever deflection at
nornrcontact region. However, at a smaller-sample distance (few nm) the attractive
forces are prevalent (intermittent contact) whereas when it comes to a few angstroms
the repulsve forces are preponderate (contact regifi90]
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3.1.1AFM Instrumentation
In this project two types of the AFlystemswvere usedA Multimode (in versions IV
and VIII) of Bruker (Santa Barbara, CA, USA) and a Nanowizard 1 (JPK Instruments,

Berlin, Germany).

Multimode AFM

The Multimode consists from the following partscontroller; a base whichcontairs
displays of the voltage from photodetectora scannerwhich serves as a stage for a
sample;an AFM head, which contain the fluid cell, the laser system and the photodiode
(Figure3-4).

In the Multimode the piezo scanner is responsible for the movements of the sample in
X, Y and Z directions. It is based on the open loop system feedback system which
means the piezo scanner does not have sensoesifp the sample position dung the

measurement and where necessary correct the drift and creep.

The scanner also acts as a sample hpldiéh a magnetised topo attractthe metallic
disk where the sampls mounted on The sample holder is circulahapeand of B

mm diameter, which implies an upper limit for the sample. size

AFM
a camera b c

AFM Laser Y-axis adjust
Photodiode ad
head 25

\ 1 X-ads adjust
o ( 4
\ — (%
scanner

Sample
stage

= /]

{ 2
- Ly 1. Laser
{ ¥ 5 l \\ 2. Mirror
. 3. Cantilever
base ‘ i bq \ X 3 4. Th Mior
| J %8 5. Photodetector
) o \
b
- — Cantilever holder

™

Readings of
Vertical and
Horizontal

deflections

Head X-axis stage adjust Head Y-axis stage adjust

Figure 3-4 a) AFM setup with main components; b) AFM head, the orange line shows
the path of the laser reflecting from the cantilever ifite photodiode; c) fluid cell for
cantilever fixation with channels for liquidimages (b) and (c) are courtesy of Bruker,
USA.
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JPK AFM

The main parts of the JPKlanowizard 1 are: aontroller,an AFM head, which
encloses all the optics, flexurebasedpiezoscanneito move the tip and the fluid cell
holder; sample stage which is stationary and move only in X and Y direckans€
3-5). TheNanowizard can be mounted oniamerted fluorescent microscop&hich is

oftenuseful for biological samples.

The ( 6 c I-laogded pi ezo scanner contai ndor gmosi ti
accurate position of the sample over longer times and also after large lateral offsets.
This is an advantage when the same areas should be imaged after the tip retracts, since
AFM accuratelyrecordsthe coordinates athe previous scan area. Theascsize may

reach up tol00x100 um?. The sample stagis adapted to mourd rectangular glass

coverslip.

The force mappingption on the Nanowizard dan create a rectangular or squagriel

of the points to becannedwhere the force measurements arerigkem each pixelln
addition, force measurements can be recorded at individually selected lateral positions
on the sample.

CCD
a camera b c

Stepper
motors

Fluid cell holder

Sample
stage

Figure 3-5 a) AFM setup with main components; b) AFM head, containing the optics
including the laser, the photodiode, mirrors; also it has the piezo sensors to move the
tip; red square is a place for the fluid cell; c) the fluid cell with the cantilever fixed with
the clip.Images (b) and (c) are the courtesy of JPK Instruments, Ggtrman
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Cantilevers

During the AFM experiments in this project we used three types of the cantilevers
(Figure 3-6). The characteristics of each cantilever tip are shiowhable 3-1. Of the
MSNL andMLCT cantilevers from the6 availablelevers the E and F cantilevers were
used Figure3-6 c). The MSNL and MLCT cantilevers are similar in dtearacteristics
such as resonance frequency, spring constant and a tip,Hrigitifferent inthe tip
diametey which is specified as4-24 nm for MSNL cantilevers and40-120 nm for
MLCT cantilevers. The Shocon&S cantilever ignounted asa sinde lever on its
support chip, and isf rectangular shape. It gualified as a super sharp high aspect

ratio tip, with a tip diameterof 4-8 nm.

Figure 3-6 a) MLCT cantilever; b) MSNL cantileveg) an array of MLCT/MSNL
cantilevers on the chiimages are courtesy 8ruker,USA); d) ShoconGSS cantilever
(Image courtesy dkppNano, UB).

Table3-1 Characteristics of the cantilever tips

Characteristics of the tip | MLCT -E/F MSNL-E/F ShoconGSS
Material Silicon Nitride Silicon Nitride | Silicon
Shape Pyramidal Pyramidal Pyramidal
Tip diameter(nominal), nm | 40 4 4

Tip height, um 25-8 2.5-8 14-16
Resonance frequency 38/125 38/125 28
(nominal), kHz

2 MSNL and MLCT cantilevers are manufactured by Bruker (SBatdara, US); ShoconG

cantilevers are manufactured by AppNano (CA, US)
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Spring constant (nominal) 0.1/0.6 0.1/0.6 0.1
N/m

3.1.20perational modes

AFM can operatén various different modes'he following sections describe the main
modes that are relevant for this thestantact, Tapping, Peak Force Tapping, Peak
Force Quantitative Nanomechanical Mapping and Force Volume.

Contact mode

Contact mode is the most common ahceptuallysimplest method ofAFM imaging.

It is used for large scans of rigid samples. During im@gdhre probe is in constant
contact with the sample. The topography of the sample surfaogisredby adjusting

the Zpiezo to keep the deflection of the cantilever constant at a predefined setpoint

Typical value forcantileverspring constans in the range of 0@b6-50 N/m [121]. Since
the tip is incontinuouscontact with the samplguring the lateral scan motion, there are
relatively highlateral forces This can affect theurface ofthe samples that are being

imaged.

Tapping mode

Tapping modelargely avoids the lateral forces encountered in contact mode. It is
thereforeconvenient to study the Hamical samples in particularthosethat loosely
bound to thesubstrate

In tapping modgethe cantileveoscillates near its resonance frequeaag is only in
intermittent contact with the sample (hence the reduced lateral foitesan be
actuated by many different means such as acoldgf], thermal[123], or magnetic
actuationg124]. When thecantilever is actated at constaramplitude and frequency,
thetip-sample interaction follows from change in thescillationamplitude and phase.
When the tip touches the surfatiee amplitude othe oscillation reducesand increases
again when the timoves away fronthe surfaceA feedback loop adjusts theezo to
keep the amplitude constant, d@nds for contact modithe sample topography follows

from the position of the Hiezo during the scan.
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Force Volume

The Force Volumenodeis used tasimultaneouslycollect thetopography information
and nanomechanical propertigsthe sampleby recording the force as a function of Z
piezo position on a grid of points ¢ime sample surfac®ne of the pioneering works of
biomolecular force mapping was done on the enziysezyme. It was demonstrated
that a single protein can be differentiated on the force da2k&. The forceresolution

can be as low af) pN or evenbetterif a smaller cantilevers igsed[101].

To record the force curveg)dtip-sampledistance is varied by ramping thep#zo. It
follows a sawtooth trajectofyetween being in contact with the sample and withdrawal.
(Figure3-7). Therate of the linear ramping is restricted to low frequencié® Hz(i.e.
1-10 ramps per second), sinb@her ratetend to cause excitation of timeechanical
resonance from the cantilever &mtthe scanner. The ramp size is set siatthe tip

can conpletely retract from the samplgielding a weltdefined baseline of zero force
where the tip is sufficientlyar from the sample to not detect any force due to the
presence of the sample surfadée cantilever acts as a force sensmd typically a
trigger threshold is set to define the maximum cantilever deflection and thus the
maximum force and indentation into the samfleelateral movement of thep takes
place when the cantilever retractedm the sample, thus reducing the loadaiéral

forceson the samplsurface.

Scan period
-220 T ]
Z ramp size
&
I e e e I I Z scan start
G . >
> Time
N
Scan period (sec) = +
P ’ Z Scan rate (Hz)
+220 =
Extended

Figure 3-7 The movement of the tip over time during ramping over the surfac
represented in the triangulavave[126].

Thus, acquiredorce curve relate the measured force to fhasition of the tip with

respect to the sampldt thus describeshe interaction force between the tip and the
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sample, providing information on adhesion and stiffness, as well as on chemical and

electrical properties of the sampie7].

Force curves acabe divided into six partd={gure 3-8): during theapproach stagel)
(non-contact region), the tip moves towards the surface with constant velocityie
contact region Z), the tip may experience longange attraction to the surface
(electrostatic, capillary, van der Waals for§¥28]); on closer apmach(3), the force
curveshows theshortrangerepulsionbetween the probe and the sample, the tip is now
in contact with the sample surface; on retracting the cantilever, the-éptees the
region ofattractive forces againyhich due to tipsample adesion can be larger than
during the approach (hysteres#; on further retraction, the tip snaps back from the
surface(5), returningto its initial state with nadetectableattraction andzero force
applied.The local sample stiffness is deriviedm the forcecurveandspecificallyfrom

the contact region whereas the hysteresmovides information on the adhesion or
binding forces that need to be overcome to release the tip from the $2283/¢130].

Cantilever Set point deflection
Deflecton N3
(volts) 1 Cantilever spring force (applied load)
Total -
contact 5
force 2

\* Tip-sample adhesive force

4

4

Piezo scanner Z-position (nm)

Figure 3-8 Schematic of a force curv&he horizontal axis on the diagram represents
the Z-piezo position Thevertical axis represents the foraetected bythe cantilever.
The tip approaches the surface froight to leftin the diagram. The flat line indicates
that there is no deflection of the cantileybence zero force) when the tip is away from
the sample(1l). At some point2) the transition from noftontact region to contact
region occurs under long range attractivades: electrostatic, capillary andgan der
Waals forces. Region3) represents repulsion forces which appear when the tip
approaches the surface within a few nanometgsretracting tle tip from the surface,

it again experiences far range attractive ford¢ds In order for the tip to retractrom
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the samplethe adhesion should be overcorbg @nd the tip returns to its initial state
with no deflectionThe image courtesy of Bruk&rSA

In Force Volume modehe scanned surfads visualised in a topography channeghile
the force curves areeing collectedA force curve is storetbr each pixel of the image
Taken together, the measured force curves ®tmodimensional array ofurves(i.e.,

a threedimensional array of force data points)

There are two main drawbacks encountered during these measurementsbEuatlge
the force acquisition is relatedly slow (e.g, typically >10 minutes for a 64x64 pixel per
image),thermal dift can lead to a significant inaccuraciesthe measurement of the
sample topography. At the start of the experiméntsually take®0-30 minutes for the
system to stabilize before one can collect the force curves. Sectbedbuse the

measuremerttme is long, the experiments are rather tico@suming.

Peak Force Tapping and Peak Force QNM

Peak Force Tappinig essentially a rapid version of Force Volume mode. Force curves
are continuously recorded at frequencie8 &BHz, as illustrated ifrigure 3-9 (a) and

(b). Compared to Force Volume mode, the speed enhancement is largely due to the

sinusoidal instead of sawtooth tip trajectory.

This sinusoidal shape is less prone to excite higher mechanical resonances of cantilever
and/or scanner, and reduces the approach spbed coming closer tohe surface

[131]. The O6peak forced is defined as the ma
baseline reference. Since the maximum force and the baseline are measured
continuously, this provides a measurement of thesdipple interaction that is highly

robust against cdilever drift. The peak force is kept constant by adjusting the position

of the Z piezo while scanningPeak Force Tapping mods primarily an imaging

mode, but the corresponding force curves can be used to determine Nanomechanical
properties of the sapte using an extension Peak Force Quantitative Nanomechanical
Mapping (PF QNM)
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a b c
Trajectory of the tip
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Figure 3-9 a) The motion of the tip in sinusoidal movement to collect the force curves.
The trace and retrace curves are showare as a function of time: (1) is a noantact
region during approach; (2) attraction of the tip to the surface; (3) the peak force
(maximum applied force); (4) adhesion during the retract; (5)oomtact area after tip
retracts from the surface; b) éhsame force curves shown as a relation of force over
time; c) Force curve divided into sections for calculating the nanomechanical
parametersimages are courtesy of Bruker, USA.

It allows for a quantitative characterisation of the surface in terma afihesion and
elasticity during higfresolution topography imagin@rigure 3-9 c). It is in particularly

useful for fragile samples and for keeping tip sharp, since it can use small and well
defined forces. Because of the higher speed of Peak Force QNM, this allows for
nanomechanical characterisation in a way that compared to Force Volume is much less
sensitive to thermal drift of the sample witlspect to the tip. However, the more rapid

recording of force curves usually leads to a somewhat lower signal to noise.

3.1.3AFM Imaging

The paameters used during imaging oblpmer brushes, NPCs and the nanopore
devices are described in this sectidiheseparameters include the applied force, the

scan rate, the image resolution and cantilevers.

AFM imaging of the Polymer brush

The imaging of the polymer brushes grafted onto silicon surface was done on the AFM
Multimode IV in tapping mode, using pyramidalagie MLCT-E cantilevers with a
(relatively blunt) tip of40 nm diametey and a spring constant of 0.1 N/m. A large
sample aredx5 pnt was scanned using the lowest possible force at a scan rate of 1.97
Hz.
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AFM imaging of the NPC

The NPC images were acquiren the AFM Multimode IV inthe tapping mode. The
nuclear envelope was attached to a glass substrate and the cytoplasmic side of the
nuclear envelope was imagdetior to imaging, a flat area of the nuclear envelope was
found aided by the optical topew of the sample. A large scan range &b%im? was

imaged with 200 pm long, silicenitride cantilevers with pyramidal tips with a
diameter4 - 24 nm at their end (MSNIE -F cantilevers, Bruker, US). Scan line rates
were 1- 2 Hz. The nominal spring constaralue of the cantilevers varied from 0.2.6

N/m.

Peak Force Tapping imaging of NPCs was done on a Multimode VIII system (Bruker,
SantaBarbara, US) with MSNIF cantilevers. Force curves of 1024 data points were
acquired in this mode, oscillating thig-sample distance at 2 kHz frequency and an
amplitude of 40 nm. Forces were applied up to 100 pN, sufficiently low to prevent
damage to tip or sample. The line scan rate wh® Hz.

The images from both microscopes were analysed on NanoScope Arsalgiare
(Bruker, US). Prior to the height and width measurements the images were flattened,
applying a baseline correction which eliminates image artefacts due to sample tilt and

scanner drift in the Z direction.

AFM imaging of nanopore devices

Large sca areas 25x25 pfrof the nanopore device were imaged on a JPK Nanowizard

1 in contact mode. MSNLype cantilevers, in particular the C andcBntilevers (tip
diameter ~£24 nm, height 2.88 um), were used. For individual nanopore imaging the
scan size waseduced to 5x5 pfa To detect the presence of proteins on the sample
surface, the sample was probed in force spectroscopy mode. The maximum applied
force was ~500 pNThe images were analysed using JPK Data Processing software
(JPK Instruments AG, Germany), in particular for extracting the topography profiles of

the nanopores.
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3.1.4AFM Force Spectroscopy on NPCs

Procedure of collecting Force curves from NPCs

In this progct, the stiffness map from the NPC was required to compare the stiffness in
the NPC central channel to the stiffness of a polymer brush. Individual NPCs were
probed by a MSNIE and $iocorG supersharp tips (diameter8<nm), using the Force
Volume mode ofthe Multimode IV. Moreover, to assess the new faster method of
acquiring the force data, Peak Force QNM mode was used on scanning NPCs on the
Multimode VIII.

The appropriate area of the sample was selected for imaging using the Multimode
camera, wheréhe sample surface should appear darker than the glass surface. The dark

colour indicates firm adhesion to the glaBgy(re3-10).

Figure 3-10 View from AFM Multimode IV camera on sample surface with an MSNL
cantilever approached. The sample surface appears on the camera as dark brown,
which indicates adhesion of the nuclear envelope to the glatsce.

Prior to any force volume measurements on the NPC, the sample was imaged to reveal
roughness and contaminatiofigure 3-11 a). The images we obtained with regular
MSNL-10 cantilevers, in particular, the E ang&ntilevers (Bruker AFM Probes, CA).
Images were initially acquired in tapping mode, at a resonance frequenelOdtHz

and an amplitude setpoint of 80000 mV, before/after Forcéolume measurements.

Peak Force QNM was carried out with a 2 kHz oscillation frequency and 40 nm Peak
Force amplitude. The scan size was abehtBn at 256 samples per line. As soon as a

few scans were acquired and the flatness and cleanliness of thie seaspensured
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(Figure3-11b), the cantilever was exchanged forte&rG-SSsuper sharp cantilever

(AppNano, USA) with amspect ratio > 3.5:1, tip diameteB«am.

3 ume
Onm

Figure 3-11 Topography AFM image ofx3 pn? scan size. a) rough and messy sample
surface b) clean sample surface covered with NPCs. Images acepa@iredin Tapping
mode with MNSlcantilevers at 256 lines per samples on Multimode V.

Force Volume protocol

With the new cantilever the operation wa
in the AFM software) in contact mode. When approached, the mode was switched from
Al magi ngoAdwa nickeodrdc et o0 ensur e tathecsarfaeefiru | el
this mode the cantilever approached the surface by ramping the piezo in the range of 1.6
pum, each curve followed by an 800 nm step of the approach motor, until the measured
deflection reached a predefined setpoinggier threshold) oibout 3 nm.The ramp

step should be about significantly smaller than the ramp size, such tsaintpde

contact was only reached by ramping the Z piezo and not by the much coarser stepping
of the approach motor. The o6rtggemdchahne
channel was to be used as a trigger. Th
probing since the threshold is calculated relative to-diealeflection voltage. The
AnStarto and AEndOo modes of tdred sTRat rva
respectively. Once the cantilever was engaged, a single force curve was collected to
verify if the tip had indeed reached the sample surface. The force curve should clearly

show the contact point between the tip and the surface.
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Afterwards |, the mode was -AdvaobeddFoome in¥ol g\
area of 200x200 nfiwas scanned to capture a single pore. The ramp size was changed
to 100 nm, and the deflection setpoint to a few nm, to apply a maximum force of about
400500 pN (withthe cantilevers used in these experiments). In some cases, the value
for the trigger threshold was increased to 5 nm for a deeper indentation. The backward
velocity (the speed the tip retracts) was higher than the forward velocity (5.58 um/s and
1.86 pm/srespectively) to reduce the total time of the measurement. The pixel
resolution of the topography image and the force image were the same. For locating the
pores at the sample surface, force volume dati@vacquired at a minimum of 1BX

pixels, and as sm as the pore was found, the number of pixeds Wwcreased to a
maximum of 64%4 (Figure 3-12). At this resolution the time spent per Force Volume
scan for single pore was about 12 minutes. During this time the pore might drift away
due to the thermal drift. Therefore some pores qgrear distorted compared to their
ideal, rotationally symmetric shape as recorded in AFM images at time scales for which

drift was not a significant factor.

a 130nm b 130 nm

200 nm dnm
Onm Onm

Figure 3-12 Examples ofa) 16 x 16 andb) 64 x64 resolution otopography image
during Force \Wlume of the same pore scanned witho@®nGSS super sharp
cantilevers.

The same settings were used to probe the Polymer brushes, although the resolution was
32 pixels per line and three different tips wased MLCT, MSNL and ShoconGS.

Peak Force QNM Protocol

In Peak Force QNM, after finding the appropriate area and exchanging the cantilever for
the super sharp one, the tip started approaching the surface with a Peak Force tapping
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frequency of 2 kHz amglide of 100 nm. After completion of the approach, scans of
1x1 pn or 2X2 unt were initiated to choose the pores that were to be scanned at higher
resolution. For measurements with 2 kHz Peak Force tapping frequency, the scan size
was chosen to be aroun®0400 nn¥, whereas for the 0.25 kHz the scan size was
20x200nn?. The reasons behind these choices are the pixel resolution and the speed of
acquiring the data: In Force Volume, images were recorded at 64x64 pixels for 200x200
nn, which can be reprodudet 0.25 kHz Peak Force tapping frequerty2 kHz, the

same pixel resolution can be obtained for 128x128 pixels for 400x480witmout tre

image time becoming too longhe line scan rates were adjusted accordingly to 0.5 Hz
and 1.5 Hz for the Peak fa® tapping frequencies of 0.Rblz and 2 kHz, respectively.

The maximum force applied was 4800 pN.An individual force curve in the Force
Volume requires 64 ms, while in the Peak Force QNM it takes from5346 ms.

Thus, with Peak Force QNM multipf@res (up to 24128x128 pixelscan be imaged

in the time that is required for imagingsiangle pore inthe Force Volume(at 64x64

pixels)with the same resolutiofd pixel = 3.13 nm)

3.1.5The force curves analysis

The raw force curves represent the cantilever deflection (in Volts) as a functibn of
piezo position(in nm). To extract nanomechanical properties from these curves, they
must be converted into curves representing force vdiptsample separatianThe
deflection is converted into force by multiplying the deflection (in V) by the deflection
sensitivity (nm/V) and the spring constant of the cantilever (nN/nm); and tkartiple

separation is obtained by adding the deflection (in nm) to {hiezb positio.

Although the spring constant is given by the manufacturer, it is given as a range, and so
each cantilever requires calibration individually. This is done at the end of an
experiment by pressing the tip against a hard surface (usually glass) and glétecEn

piezo movement (in nm) that is required per V of deflection signal.

Contact point identification

The contact point is the-gosition at which the tip first interacts with the sample
surface. This was identified in the force curves via the followtegs: the force curve
is divided into 20 equal intervals and the mean and standard deviation of the force

values are saved for each interval. The minimum standard deviation is multiplied by a
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factor (in this case two), and used later as a referenceatidwute difference between

the adjacent mean values is calculated and compared against the reference. If the
difference between adjacent mean values is less than the reference value, it is assigned
the value O; if it is greater than the reference valuis, assigned a 1. If the result is a
series of zeroes (resulting from the baseline region), followed by a series of ones (from
the contact region), with only one transition between them, the force curve is cropped,
taking only the baseline region and timst interval after the transition poirfFigure

3-13 a). If there is more than one transition point, the script returns to the beginning of
the analysis, divides the force curve into 19 intervals, and repeats the analysis. This
process contingg reducing the number of intervals by one with each successive failure,
until only one transition point is found, and the force curve is cropped. The result is a
force curve containing only the baseline region and the initial indentation after contact,
ignoring much of the nofinear behaviour of the force curve at deeper indentation.
Once this has been achieved, a linear piecewise function is-fittedhe leassquares
regression method to the cropped force curve, which is presumed to contain the
cortact point. A horizontal line is fitted to the baseline, and a sloped line fitted to the
contact region, with the break point representing the contact (gaguire3-13 b).

a b
205
209
= 208 - 2045
= c
g 207 g 204
L ks
206 means25t.Dev 20.35
205 N
203
204
203t mean>25t.Dev 2025
0 20 40 60 80 100 20 30 40 50 60 70 80 90
Separation, nm Separation, nm

Figure 3-13a) A close look of the force curve shown as a relationship dbtice (nN)

and thetip-sample separatiorfnm). The curve is divided into 20 intervafndl 2
shown hee in black and re§l The interval where the contact poifdcated is
highlighted inred andshow that the mean deflection values differ by less than 2 times
the reference standard deviation. For the intervablack these differences are more
than 2 times this referenck) Thed p i e c #& @eedeatdis shown as a red line. The
found contact point is indicated by the black circle.
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Analysis of the force curves from featureless samples

When the forcalistarce curves were acquired with a known contact point, the force
curves were aligned to the contact point and averaged. The force curves were also fitted
with either the Hertz or Sneddon model (depending on the shape of the AFM tip)
techniques commonlyenply ed t o extract an effective
stiffness curves were generated by taking the numerical derivatives of the force curves.
Although this analysis is simple for featureless samples, in which all the available force
curves could badded together and averaged, the analysis of samples with features, as is
the case for the NPC, a few more steps are required to complete the analysis.

Analysis of the force curves from the NPC

Force Volume and Peak For@NM data of individual NPCs repsent a topography
image(Figure 3-14 a) coupled with force data stored at each pixel. It was important to
extract the force curves from particukreas of the image, for example, to distinguish
between force curves of the cytoplasmic ring from those of the central channel.
Therefore, taking into account the rotational symmetry of the pore, the force curves
were extracted from radial bins extending &rom its central axis of rotation. However,

due to the slow rate of data acquisition in imaging modes such as Force Volume, some

pores appear distorted due to lateral drift, removing their rotational symmetry.

In order to restore the rotational symmaetfythe NPC around the central axis, the shape

of the poreds scaffold was traced manual
assigned the value of 42.5 nm, as estimated frorrdidgfivtappingmode AFM images).

Using the polar coordinates systeradial bins with a width of 4 nm, were then created,
relative to the manually traced bin on the scaffdtdyre 3-14 b). These bins were
assignedamv al ue. The uni nde n(Figude3-14c)tfalloweddy hei g
adding the indentation depth (as determined from the contact pointfor¢becurves as

a function of tipsample distance) to the height images (as was recorded at the
maximum force applied during the data acquisition). All force curves were aligned such

that their contact point corresponded to the average true height wiheila
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Figure 3-14 a) Flattened AFM topography image of NPC. Scan sizeZ@nnt; b)
NPC rim traced in thick redc) 3D representation of NPC mapped with concentric
circles

Building up the height crossection of the NPC

Figure 3-15 (a) shows the average force curve at R=2.3 (which correspond to a radial
coordinate of 97 nm), where the contact paatresponds to the true heights in the
rotationally symmetrised dat&ince themages were obtained at maximum indentation
force, the height indented after the contact with the surface is called a deformed height
and extracted from the values of Z at theximum force stored in the height image.
The red arrows ifrigure3-15 (b) show the indentation.

0.4
R=2.3

Z(nm)

03 =

40
0.2 AN A

20 7 N

/ \/ \ Contact point
0.1 Contact point 0 A~
‘/ 20 )
Maximum force
0 -40
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Force,nN

-60
0.1 - -2 -1
-30 -20 -10 0 10 20 30 40
Separation, nm
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Figure 3-15 a) The average force curve produced from the shell of radius 97 nm,
position R=2.3. The contact point on the force curve corresponds to the contact height
(orange/green lines) shown db) the cross section of the NPC. The height at the
maximum force indentatiois a deformed height (blue). The red arroiusthe cross
sectionrepresent the indentationtmthe sample
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Building up the stiffness cross section of the NPC

The obtained derivative of the forgeadientM was representealsa heatmap

in a stiffness crossection of the pore-igure 3-16 (a) shows the stiffness curve from

the radius of 97 nm. The information we are interestethé indentation, thus the
contact and deformed heights, and also the maximum stiffness value, which is
represented in a colourmap on the stiffness cross seé€iigur¢ 3-16 b). The values in

the colourmap increases from blue (0 pN/nm) to red (maximum stiffness value, or a

value roughly corresponding to it).

Z(nm)

[
(9]

0015 | R=2.3

0.005 Contact point

Stiffness, nN/nm
Stiffness, pN/nm

4

2 -1 0 1 2 MR)

-0.005
-30 -20 -10 0 10 20 30 40

Separation, nm

Figure 3-16 a) Theaverage stiffness curve from the radius of 97 nm. The height data
(the beginning and the end of the indentation) were used to build the height cross
section in thgb) stiffness map. The actual stiffness value (marked with red arrows) is
represented in # colourmap, where zero corresponds to blue and the maximum
stiffness to red (25 pN/nm).

Building up the elasticity cross section of the NPC

An effective Young modulus was extracted by applying the Hertz or Sneddon model
over the first 20 nm of indentatian the force curvestigure 3-17 (a) showsa force
curve, where the fit i's applied to the
modulus cross section of the pore was genel&igdre3-17b ) . The | i mits f
modulus were set fro.1 to 10 MPalt should be emphasised that this measurement of
the Youngds modul us onl vy pr ®ueitadthe staucturae f f e
heterogeneity of the NPC, the obtained valuesuali&ely to bear a straightforward

relation to a Youngds modulus in a bul k |
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It should be noted that the Hertz model can be used instead of the piecewise function,
descri bed i n tQCoetactypent idantdicatiole,nta ¢ | & dmdidg h o d
the contact poinf132].

04 E(MPa)

0.35f
2.0

15 ¢

Force, nM

1.0 ¢t

05 t

0.0 .

0 5 10 15 20 25 -2 -1 0 1 2
Separation, nm

Figure 3-17 a) An examfe of theforce curve(black)fitted with Hertz modedired) in the
first 20 nm of indentatignb) cross section of the elastic modulus values according to
the radial position.
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3.2 Laser Scanning Confocal MicroscopyLSCM)

3.2.1Background

Laser scanning confocal microscopy (LSCM) has established itself as a valuable tool in
biological and biomedical research. It has a major advantage of imaging thin slices of
living samples without destroying therf133]. Unlike conventional fluorescence
microscopy, in which the entire specimen is illuminated, confocal microscopy only
illuminates a selected focalgrle with aweld ef i ned dept h, known
result, instead of obtaining a blurry image of the whole sample, a sharp image of the

chosen slice is generatééigure3-18).

Cover
Glass
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Mlcroscope
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lllumination Excitation Scanning
(Large Volume) Beam (Small Volume)

Figure 3-18 A comparison of the amount of illumination of a sample in both wide field
optical microscopy, and laser scanning confocal micros¢bg$).

The idea of the confocal microscope is to illuminate a sample point by point and register
the emittedlight. This idea emged from the need to improve the spatial resolution.
This resolution is hindered by the diffraction limit, which stops any optical system from
resolving two objects that are too close. A distance greater than half of the wavelength
of the illumination ligh is required to simté&neously resolve two object$-igure3-19

shows examples of small objects which render resolved, poorly resolved, and
unresolved images. The resolved object is depicted as a diffuse circular disc with a

number of concentricringssuoundi ng i t. The disc iIs <ca

pattern produced from the concentric ri

separation is no longer explicit, the object is defined as unresolved.
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Airy Discs
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Figure 3-19 Schematic illustration of Airy discs when the objectas resolved (b)
poorly resolved angc) unresolved.

The improvement in resolution lies in registering only the light coming from the centre
of the Airy disc and eliminating all outf-focus light by using the small radius aperture

in front of the detector.

The first prototype of the confocal microscope wheveloped in 1957 by Marvin
Minsky for imaging brain tissu§l34], [135]. A zirconium arc lamp was used as a
source of light to illuminate theample. He put an objective lens before the sample to
form a focused point of light and captured the same light with the second objective
which led the light to the detectdfigure3-20). In front of the detector he set the small
pinhole to record only the centre of the Airy disc, reconstructed from the second
objective. This meant a small point of light was focused onto a fluorescent screen.
Unlike madern designs, in his prototype the stage was moving during scanning to

generate an image of the whole sample.

objective collector

pinhole

Zirconium

xand ¥

scanning » - . «

Figure 3-20 The schematic representation of Marvin Minsky setup of confocal
microscopg136].
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In the late 1970s and 1980s, the first laser scanning confocal microscopes started to
emerge[133], mainly thanks to the growing development of laser and computer
technologies, which enabled considerable improvement in the speed and quality of

imaging. In modern systems the stage is fixed and a laser is used wistiea lamp.

3.2.2Principle of Fluorescence

Scanning in confocal microscopy uses intense monochromatic light to excite
fluorophores that are bound to the molecules of interest. A fluorophore is an organic or
nontorganic molecule that can absorb photons ofpaaticular wavelength, and
consequently emit light at longer and distinctly different wavelengths. The effect is
based on a fluorescence phenomenon in which excitation obgussipplying the
fluorophore with an excess of energy when exposing it to a photon of a certain
wavelength. This excess energy promotes an electron to a higher energy state, creating
an excited singlet state;&, whi ch | asts f o Figue323l). Thist e a
excited state turns, via internal conversion, into the relaxed singlet excited state, S
from which point a photon is emitted at awsbength corresponding to the energy
difference between this singlet state, and the ground statdh8s emitted light is
always of a longer wavelength than the excited one. Each fluorophore has its own
excitation and emission spectra, such that a sacgiebe stained with one or more

fluorophores to label different moieties.

S/

Energy

S,

Figure 3-21 After being exposed to photons with sufficient energy, an electron is
promoted from the ground stateg, $0 the excited singlet state,;& . Af t er war
transfers to the relaxed singlet excited statg,dbe to energy dissipation. From this

state, it relaxes to the ground state, emitting energy in the form of a &
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3.2.3Components of theLSCM

Lasers

The heart of the microscope is the laser system. It may consist of one or more lasers.
Laser light has aseveral advantages over the conventional lamp arcs used for
illumination. The light produced by a laser is of one particular wavelength. This reduces
the need of filters for producing excitation light. The laser light is coherent: the waves
are of the samé&equency, phase, direction and speed; therefore the laser light is well
focused and has a high intensity. The laser light scans the surface by changing its

position using elgconically controlled mirrors.

Acoustaeoptic tuneable filters

The high intensy light source is controlled and modulated by acowgtioic tuneable

filters (AOTFs), which ensure both precise wavelength and intensity of the excitation
light. AOTFs are solid state electoptical filters. They are made of a birefringent
crystalline méerial, which is capable of changing its optical properties when interacting
with acoustic waves. When acoustic waves spread across the crystal, the lattice structure
periodically compresses and relaxes due to the applied oscillation. This alternating
motion causes refractive index fluctuations in the crystal, and hence the diffraction of

propagated light.

The generators of the highequency acoustic waves in AOTFs are the piezoelectric
transducers connected to the crystal. The changes in the applieenitggcause a
periodic redisttbution of the refractive index, which leads to the alternation of the
diffracted wavelength. Thus, the combination of oscillating frequency and periodical
change of refractive index tunes antbdulates the laser wavelengith33], [138].
Moreover, ATOFs are useful in controlling the defined area of illumination and its
intensity. It is also useful for regulating the wavelength and intensity ob#es beam

at high speed, allowing sequential or simultaneous scans by multiple lasers. This is all

due to the fast tuning of the wavelength and intensity of the laser light.
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Objectives

The image in the microscope is formed by the laser beam focused santpé&e using
the objective lens, which isne of the most important components of the microscope.
Objective lenses vary in magnification and numeragaérture (NA), which determine

the depth of field and resolving power.

The rumerical aperture shows tleapacity of the objective to gather light. It is a

dimensionless unit, which is expressed as foll(Eeuation 1)

66 £2°YOE, (1)

where u is the half of the angle formed at the tip of the focused light cone entering the
sample and where n isghrefractive index of the medium between the specimen and
the objective.

It is not possible to continually increase the numerical aperture to improve the
resolution - this has its limits. The refractive index is also a restricting factor in
resolution Figure 3-22): the resolution can be improved by using immersion lenses.
The scanning medium before the specimen can be water, glycerine or oil. Their
refractive indices are higher than the refractive index of air, allowing higher NA and
higher resolution.

Depth of Field Ranges

NA = (n)sin(p)

(a) p=7° NA=0.12

(b) = 20°NA=0.34

(c) p = 60° NA = 0.87
il )

Bi: A~—1—"A

=y
(a) (b) (c) B e

\

H

Figure 3-22 The NA increases when the half angle of the light cone increases from (a)
7°, to (b) 20 and(c) 60°. For larger angle, the focal length becomes prohibitively short.
d) Corresponding depth of field with regard to numerical aperfL&9], [140].

73



Chapter Xharacterisation Methods

The depth of field of the objectivie defined as the distance between the two furthest
object planes where the object is still in focus. It is highly dependent on numerical
aperture The higher the numerical aperture, the shorter the focal length asthétiler

the depth of field.Kigure3-22d).

3.2.40perational principle of the LSCM

The laser beam is brought to the fluorescent sample through the\abjeas(Figure

3-23), which focuses the light on a focal plane. The emission light from the excited
fluorophore goes back to the objective. After passing the objective lens, it goes through
the dichroic mirror ad is detected by the photomultiplier. The excess of scattered out
of-focus light is excluded by the pinhole aperture located before the detector, helping
reduce the background noise. Thus all emitted fluorescent light in the area below or
above the foal plane is not recordedlhe range of emission wavelength that the

microscope can register is 4@60 nm.

In case when the recorded intensity is too low, the photomultiplier tube can enhance the
signal by producing more electrons from photons using éophathode. The sensitivity

of the photomultiplier is controlled by a dynode voltage (HV).

The signal is then digitized into an image, the sensitivity values of which values are

regulated by the gain and offset parameters.
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Figure 3-23 A schematic view of the light path in a confocal microscope, and its main
component§l33]

3.2.5Imaging modes

There are three imaging modes in the FluoViewl000 programme software of the
Olympus microscope: Lambda, Depth and Tirbepth mode collects stacks of thin
optical slices along the-Zxis. These stacks are of a particular thickngkich can be

set manually by indicating a step size. Time mode collects data over time at one
particular focal plane, which is maintained by an autofocus control. Finally, Lambda
mode is used to find the peak of the emission spectrum by scanning amgeaaf
wavelengths. Image modes can be coupled, for example, to scan a range of slices over

time or over wavelength spectra.

3.2.6Limitations

Along with some great advantages that the confocal technique holds ovefiehdde
optical microscopy, there are also some limitations. Firstly, the microscope is restricted
by the diffraction limitation. Secondly, the hightensity laser light might blea the
fluorophore and thus, less fluorescence would be detected. And thirdly, in some cases
the fluorescent probm the excited statalirectly or indirectly distorts or damages the
sample This effectis called phototoxicity141].
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3.2.7LSCM Experiments

NPC permeability uportrans-1,2-cyclohexanediol (CHD) addition

The permeability barrier of the nuclear pore results from the interadietmgeen FG
repeats amongst themselves, and betweemnep€ats and karyopherj42]. Below is

the summary of the sample preparation protocols for tpererents which aimed to
modify the permeability barrier of the NPC by exposure to CHD tested using laser

scanning confocal microscope.

In the permeability measurements, the main objective was to capture the fluorescence
intensity change over time at tkame focal plane, and subsequently calculate the influx

rate.

In other experiments, the aim was to observe the change in intensity due to fluorescent
cargo and NTRs in the nuclear envelope.

Sample preparation and Imaging parameters
Dextran permeabilityest: The isolated nuclei were incubated w2 mg/mi70 kDa
Dextran Texas Red (Sigr#ddrich) in5 0 N¢M 1.5% PVP for 10 minutes. The scan

was done every 8 seconds in ATi meo mode

10x magnification for 35 minutes. #sfrwards, the sample was incubated in 5% CHD

for 2 minutes. Then the buffer was exchangedOt2 mg/ml 70 kDa Dextran and
scanned again for another 35 minutes. The Heler with excitation wavelength 543

nm was used to identify the dextran signal. In order to scan in the same focal plane the

Autofocus mode was applied.

Cargo and NTR tesThe isolated nuclei were incubated in either 1uM RIBB-MBP-
GFP and 0.5uM hsim f or 0. 5-GFP fdr 45 miquteswhere MBP is a

maltosebi ndi ng protein from Escherichia col i

Then they were washed in NIM supplemented with 1.5% PVP. The second incubation
was performed with 5% traris2-cyclohexanediol (CHD) for 20 minutes and then
washed with NIM 1.5% PVP. Meanwhile the negative control sample was incubated in

NIM 1.5% PVP only. The structural integrity of the nuclei was tested by the addition of

*l mpor t i n-Blixweredind® gifted by Prof. Dirk Gorlich from Max Plank
Institute for Biophysical Chemistry, Germany.
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0.2 mg/ml70 kDaDextran Texas Red (Sign#ddrich). The samples were scanned on

the Olympus FluoView 1000 CLSM in Depth mode at 10x magnificaton.argon

laser with an excitation wavelength of 488 nm was used to detect cargoes and nuclear
transport receptors; and a HeNe laser with an excitation @yt of 543 nm was used

to detect the dextran.

Confocal tesion permeability of nuclei and NE to NTR or/and cargo upon Ran cycle:

The aim of this experiment was to check whether the NPC import could be activated by
adding the reagents required for tyamg. Ranmix (0.3 uM Ran, 0.3 uM GDP, 0.06

MM NTF2, 0.03 uM RanGAP, 4 nM Ran BPand Eergymix (0.75 mM ATP, 0.75

mM GTP, 15 mM creatinP, 0.075 mM Mg(OA£)0.075 mM DTT, 0.075 mg/ml
creatin kinase in HEPES/KOH pH 7.&gre used to enhance the transtmeaprocess

of the cargo. Additionally, by running the enhanced transport process through NPCs
hence of |paresmiultipke dimes, the pores could be depleted from cargo and
NTRs. Thus, the same procedure was applied for nuclei that were suliseqsed to
isolate the nuclear envelope. Moreover, the cargo in NPCs (for the nuclear envelope)

was treated with Benzonase to digest any remaining ribonucleoproteins in the NPCs.

Sample preparation and Imaging parameters

The isolated nuclei were inculeat in either 1 uM Rch1BB-MBP fluorescently

| abell ed with GFP and 0.5 OM hslmpb, or
GFP for 15 minutes. Then they were washed in NIM supplemented with 1.5% PVP.
Afterwards the procedure of incubation with RalB-Mix was followed. The integrity

of the nuclei was checked by the additionOo2 mg/ml70 kDaDextran Texas Red
(SigmaAldrich). The sample was incubated with Dextran for 10 minutes prior to
measurements. The samples were scanned in NIM 1.5% PVP on the Olympus
FluoView 1000 CLSM in Depth mode at 10x magnification using an argon laser with
an exciation wavelength of 488 nm to detect cargoes and nuclear transport receptors;
and a HeNe laser with an excitation wavelength of 543 nm was used to detect the

dextran.

The Benzonase effect on NEs was tested using confocal microscopy with the help of
RNA staining agent (SYBR Gold). In order to observe the envelope Wheat Germ

Agglutinin (WGA) was used. The NEs were prepared from nuclei treated witiERan
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Mix as described above. However, no labelled cargo or Importin were added. The NEs
were incubated with 2binits/ul Benzonase (Sigm@aldrich) for 30 minutes in NIM
supplemented with 8% PVP. Subsequent incubation with 1:5000 SYBR Gold to stain
the RNA and 0.04 uM WGAAlexa 647 to label the NE was performed for 10 minutes.
Samples were measured with CLSM usingaagon laser to detect SYBR Gd#abelled

RNA and a HeNe laser to detect W&¥exa647 signal.

Incubation of the nuclei for positive and negative controls was done separately.

3.2.8Data analysis from LSCM

Images from the confocal laser scanning microscopye vamalysed in Fiji (Open
source http://fiji.sc/Fiji), FluoView and MatLabNathWorks, Inc. R2011b) software.

Nuclei processing

The evaluaton of the intensityin the confocal images was done in Matléb order to

sdect anarea of interestan image was converted into a binanmye: presenting the
image inblack and white This was done by normalising the pixels intens@jues to

the maximum valuand setting a threshal@he mask of the binary image was applied

to the raw image and the average grey pixel value was acquired. The intensity
acquisition from the different parts of the nucleus (periphery and inside) was performed
by eroding the mask of the nucleus with a awdth of 7 pixels Figure3-24). Then the
eroded mask was subtracted from the original one. Both masiesapplied to the raw
image and the mean greixel value was obtained. The value of 7 pixels agidth of

erosion was chosen approximatddy,sight, to select the nuclear envelope

Figure 3-24 Image analysis representation in MatL.gh) raw image b) binary image
of eroded nuclei(nuclei without thenuclear envelope c) binary image of nuclei
periphery, width 7 pixels.
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The contrast/brightness settings of the images used in the figures were changed to the
same degree to visually enhance the signal. Each set of images corresponds to the same

values of contrast.

The intensity data of dextran images were obtained usingOtiimpus FluoView

software

NE processing

The fluorescence images of NEs were analysed as described above. However, prior to
conversion into the binary image, the contrast of the images was enhanced, though the
intensity values were obtained from the rawages. The signal from the NE was
strongly dependent on the layout of the membrane. If there were more folds on the
membrane as a result of isolation, then it would appear brigidesompensate for this
artefact, the signal of the RNA fluorescent {&BR GoldYoYo0) was normalised to

the wheat germ agglutinin (WGA) signal that marked the nuclear envelope.

Influx rate determination
The influx rate was determined based on the following equéiomwhich describes the

intensity change over time.
I=1o(1-€*)  (2),

wherel (t) is the intensity in the nuclélig (t) is the intensity of the backgrourklis the

influx rate,t is the duration of measurements.

The logarithm of the equatio(R) was taken. The plot folog(1-1/l) versust was
generated and correlated with the best fit for the funckarlf). The rate was extracted

from the slope of the function.
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Chapter 4 Nanomechanical Characterisation of the

Polymer Brush

4.1 Introduction

Standard biochemical and structural methods have struggled to determine the
biophysical nature of the unstructured proteins in the NPC. Various scenamolden
proposed, including suggestions that the nucleoporins withrelp€ats form a
meshwork of crosinked filaments, which resembles the hydrogel; or that they may
behave as an entropic brush, with constantly fluctuated filaments of which the entropy

is reduced on the spatial constriction caused by the presence of a cargo.

A priori, one would expect that such scenarios lead to largely diverging nanomechanical
properties. To test and validate this prediction, this chapter describes the
nanomechanicalharacterisation of a simple model system, a responsive polymer brush.

It was chosen because it is relatively simple to prepare and because it is possible to alter
the conformational state by changing the pH. In particular, these polymer brushes can
be indwced to appear in either collapsed or expanded conformation, which are the two
extremes of the difference configurations that have been proposed for unstructured
proteins in the NPC.

The polymer brush in this study was anchored by silane chemistry tdi¢ba surface

at high grafting density. It carried an electrostatic charge, and thus qualifies as a
polyelectrolyte polymer. The crucial difference between a neutral and a polyelectrolyte
brush is the large amount of counterions that are attractedhim the charged brush
layers[143].

In this project we used the weak polyelectrolyte brush Polgi@ethylamino) ethyl
methacrylate) RDMAEMA), containing a basic groupAt higher concentrations of
hydrogen ions at pH 5.0, the protonation of RI2MAEMA brush takes place via the
formation of NH bonds, which givea positive charge to the polyméFigure4-1 a).

The resulting repulsive electrostatic force between the branches causes the polymer to
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stretch and the brush to swell. On the other hand, in a basic environiment
surrounding OHgroups are dissociating the excess hydrogen ions from the polymer
brush (Figure 4-1 b). The loss of hydrogen ions leads a reduction of electrostatic
repulsion and thus to the collapse of the polymer sffidg]. These kind of responsive
properties of thebrushes may be useful in smart surface applications such as
biomolecular switches[145], controlled wettability of the surface§l46] and
microactuator$147].

a b

*\/tf @ ionizable group /"iﬁ
0”0 © charged group 0" Yo

N pH 5.0 @ counterion pH 9.0 OH"
N _H*

repelling pH _ N Loss of hydrogen;
< 2 reduction of
q% /(\ﬁﬁ N electrostatic repulsion

0" Mo

2 OH"
+

hI

Figure 4-1 Collapsed (at pH 9.0) and expanded staepH 5.0) of the PDMAEMA
polymer brusij148], [149].

The nanomechanical characterisation of both states of tlsh bvas carried out by
applyingForce Volume mode in AFM, which records the force curves as a measure of

the interaction between the probe and the brush

4.2 Preparation of the polymer brushes

The polymer brushes were prepared in Queen Mary University, School of Engineering
and Material Sciencéy Mahentha Krishnamoorty, PhD student. The preparation starts
from mixing 6.6 g DMAEMA, 18mg CuBy, 320 mgbipyridine in 30 ml of 25%
Ethanol. It was left bubbling in argon whilst stirring for 20 minutes. After adding 82 mg
CuCl the mixture was degassed and stirred for another 20 minutes before applying to

the substrate, which is under argon in a polymerisatwouse[150].

The polymers were grafted onto silicon chips of 1x1* ime usingsilane initiator

[144]. By using polymers of three different lengths, three different brushes were
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formed, and characterised via their thicknessn(@) 30nm and 60 nm)@as measured in

a dry state usingllipsometry. The silicon substrate was attached to the metal specimen
holder of 15 mm diameter for AFM measurements. Prior to imaging the sample was
rinsed in ethanol and dried with nitrogen gun, before immersion in aqueous solution.
The scanning was germed in 10 mM sodium acetate solution at pH, and 10 mM

TRIS buffer at pHD.0, with no additional salts.

4.3 Results and Discussion

The topography and nanomechanical properties of the PDMAEMA polymer brushes in
two distinct states were measured usingAR®1 Multimode IV in Tapping mode and

Force Volume

4.3.1Topography of the Polymer brush
To visualise two different states of the brush, the AFM imagégure 4-2) were

acquired in the Tapping mode to avoid the lateral forces occurring in the Contact mode,
which might deform or damdwgyas méabued with ans h .
MLCT-E (40 nm in diameter) cantilever at a scan line rate of 1.5 Hz Ahd&mples

per line. The amplitude setpoint was optimised separately for both states of the brush for
minimakforce and highestontrast imaging. The maximum amplitude setpoint was ~2

V for scanning a collapsed brush of 60 nm thickness.

The AFM topographyheight dataFigure4-2) shows large clusters of polymer brushes

(of ~300 nm lateral size) at pH 5.0, compared to smaller ones at pH 9.0 (of ~90 nm
lateral size). The roughness of the surface is illustrated with profiles of the surface.
Interestingly, the same area scanned the second time shows a different location for the
clusters. Thus, the polymer brush is dynamic and it is hard to reproducéy éRact

same image.
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Figure 4-2 AFM height image$5x5 unf) in a solutionof a PDMAEMA polymer brush
at pH 5.0, pH 9.0 and pH 5.0 again wit&) 20 nm,(b) 30 nm andc) 60 nm thickness
(as measured in the dry stajquired in tapping mode with an MLEH cantilever in
liquid. Each AFM image has a corresponding profile below.
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The larger clusters at pH 5.0 may be interpreted as resulting from the swollen state of
the polymers but it maglso be an artefactual deformation of the soft polymer brush
caused by the AFM tip. Clusters in the collapsed state (pH 9.0) are considered as layers
of overlapped chains represented incatled pinned micelle§l51]. Their smalsize

cluster can be interpreted as a signaturthefcompacting of the polymer in this state

[63].

There are at least two ways to determine the thickness of the polymer brush in a wet
condition using an AFM. The first one uses the mask at the grafting stage. For example,
in the experiment described jh52], the polymer brushes were grafted onto the gold
chip with a elastomeric PDMS stamp which deposited aassémblé polymer brush

in a certain pattern. Thereby, a gold surface with no brush served as a control during an
AFM imaging in fluid for identifying the brush height in a wet stafégyre 4-3).
Another method of finding the thickness of the brush is to use an AFM in force mode
and determine the indentation of the tip from the force curves. However, it might be
inaccurate due the repulsive forces between the polymer brush and an AFM tip.
Additionally, a suitable loading force should be worked out in order to sense the brush
instead of penetrating or compressing it. Furthermore, apart from finding the minimal
force, the large tip diameter (in range of micrometres) should be used in order to
increase sensitivity towards the brush since the smaller diameters tend to penetrate it
[153]. Besides, the contact point of the force curve should be found accurately which is
generally challenging with soft samples as the polyonesh.

In this study we could not use either of the methods since in our samples the brush
covered the entire space of a silicon chip and as a result, there was no control for the
height measurements. Therefore, we did not measure the thickness df/thergaush

in liquid, but used as a reference the thickness obtained in the dry state by an
ellipsometry. According to our results shown later, all the polymer brushes used in this

study showed the same behaviour regardless of the thickness.
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Figure 4-3 (a) Height image obtained in liquid of the polymer brush deposited in strips
onto a gold surface. (b) Cross section of the polymer brush image showing a distinct
difference in height between the gold sogf@nd the brus[iL52].

Polymer brush as a model system

It is known thatn vitro FG-domains may form both brushnd gellike conformations.

We decided to find a model system which can represent both configurations. It is also
known that responsive polymer brushes made of synthetic material according to their
physical properties aransilar to the FGdomains. In the extended state they exhibit
long range steric repulsion which is a characteristic of thebfeGh; and in the
collapsed state they avoid an interaction with the solvent agpéats according to the

hydrogel model.

Polymer brushes formed from PDMAEMA can be compared to the hypothesised states
for assemblies of FBlups, as they can assumed both collapsed/cohesivdikigel

states and more extended, entrdmigsh states. In addition, the PDMAEMA brush is
grafted to he surface from one end and extended from another as thdorR&ns

within the NPC. The extension of the brush is enhanced by the high density of grafting,
when little space between the points of grafting implies significant -ateim
interactions. The BMAEMA brush in the extended state shows lgagge steric
repulsive forces in the AFM Force Volume measurements, similar to threpgéats in

a brushlike conformation anchored to a gold substféf. For a comparison with FG

Nups in the NPC, however, these samples do not include the same type of nanopore

confinement as the NPC.
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4.3.2Comparative nanomechanical studyof collapsed and swollen
polymer brushes

To measure the mechanical properties of the sample, the force curves were acquired in
Force Volume mode. The force curves describe the interaction betweeéip #nd the

sample by measuring a force the AFM tip applies to the surface.

The typical scan area of Force Volume was 200x208) with force curves recorded on

a 32x32 pixel grid. Force/Deflection curves consisted of 512 data points and were
obtained vith a ramp speed 1.86 um/s. The tip was ramping from distance of 200 nm,
and subsequently ramped back again. Force curves were collected at maximum loads of
0.8- 1 nN for MSNL-E and MLCTE cantilevers and up to 3 nN for ShoceB8G tips.

The characteristgof each cantilever tip are shownSaction 3.1.1, Chapter 3

In this chapter all the shown force curves are averages of 1024 force curves, i.e., of all
force curves in a single scan. Each force curve was aligned to the contact point between
the tip andthe sample. The data analysis and averaging proceeded as for the NPC

measurements in the following chapters.

The force curves provide a measure of local stiffness via their slope as a function of
indentation, with stiff samples vyielding steeper sloges. softer samples, the force

curves rise more gradually with increase of indentdti@9] (Figure4-4).

=—Mica ===Polymer brush
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Figure 4-4 Force curves acquired with an MLEH cantilever on a mica surfagblue)
and on a PDMAEMA brust60 nm thickness in a dry staie)extended state at pH 5.0
(green). Z=0 refers to the approximate contact point between the tip and the sample.
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Figure4-5 shows a set of force curves acquired from polymer bofighicknesses 20

nm, 30 nm and 60 nm using MSNL, MLCT and Shocé®& cantilevers which have
different tip diameter(range4-120 nm) and aspect ratio (from low to high). Each plot
shows three curves corresponding to the measurements at pH 5.0, pH 9.0 and pH 5.0
again. The force curvewith all cantileversshow the clear difference between the
extended and collapsed states. Theiadpiorce on swollen brush (pH 5.0) increases
gradually with indentation of the tip into the brush, whilst the force curves from the
collapsed state (pH 9.0) appear to be steeper and show larger increase of force with the
same indentationAt pH 9.0 some bthe force curves have an additional attraction to

the surface which is observable through the negative force which means the tip
O6snapped indb to the surface. Il n most of
before and after collapsed state cowlell be overlaid Additionally, one of the plots in

Figure 4-5 showing force curves measured with Shocé@& tips displays long range
repulsion in norcontact area. This can be due to the unwanted optical interference
between the laser light reflected form the cantilever and the light bounced off the
reflective surface of the AFM sample. As a result, a sinusoidal pattern can be observed
on force curvesperiodic with half the laser wavelength. In some cases taégement

of the laser spot on the cantilever might help to remove the ar{éfa}, however
sometimes the spillage of the laser spot (which allows the light to reflect on only from
the cantilever, but also from the sample surface) is caused dgiténal warping or

torquing of the cantilever during imagifth5].

These results are independent on the AFM tip and sample thickness, except for the
measurements with the Shocoe8S at the thickness of the brush 30 nm, which we
therefore assigto an unknown technical issue during the experiment. The approximate
indentation into the sample is about 50 nm at pH 5.0 and 10 nm at pH 9.0. This may
appear large compared to the brush thickness specifications 20 nm, 30 nm, and 60 nm,
but it should be mphasised that those specifications refer to the dried state of the

brushes.
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Figure 4-5 Force curves over three thicknesses of the PDMAEMA polymer brusim(2Z80 nm
and 60 nmone row for eachusing three different cantilevers (MSNL, MLCT and ShoeB&%
at various pH conditions (pH 5.0 and 9.0).

The overlap of the force curves at the pH 5.0 indicates that the process of swelling and

collapsing is reversible. The steep force curves at pHU@fest that the polymer brush

in collapsed state is stiffer than the swollen brush at pH 5.0.

The identification of the indentation into the sample highly depends on the contact point

determination. Especially when indenting into a soft sample, the focceases only

very gradually. Hence it is not as straightforward to determine the contact point as it is

on a hard samplé-igure 4-4). Therefore, the values for the indentation depending on

the method for identification of the contact point would vary.

To sum up, the discrepancy between the two brush states carnlypeleserved in force

curves[156] regardless of the shape of the tipd@ameter
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4.3.3Assessingpolymer brusheswith indentation models

Indentation models can be used for a more quantitative (though not necessarily
accurate) assessment of the nanomechanical properties of the biusdresare two
commonly used indentation models tTheacqu
original Hertz model, where two homogeneous spheres elastically deform under load,
was adapted to the interaction of the small spherical indenter and a substrate with a
large radius of curvaturl57]. The Hertz model assumes that: (i) the tip is an elastic
sphere; (ii) the substrate is isotropic and fl&t4] (Figure4-6). Therefore, the thickness

of the sample is assumed to be large, whilst the indentatiersmall. The relation
between the applied force and elastic modulus of the substrate is dessrdbaduare

root of the tip radius and indentation to the power of (3/2) (Equ8ji@figure4-6 a).

O ny, 7 3),

whereF is the appliedforce,Ei s a Y o u n g3dssa Possah waltiol is a tip

radius andl is an indentation.

The Sneddon model, which emerged as a modification of the Hertz model, describes the
interaction of a rigid conical probe with an isotropic elastic substrate by considering the
tangents of the halingle of the tipcone and squared indentation (EquaddriFigure

4-6 b).

"O OAIl, (4),

whereF is the appliedforce,Ei s a Y o un ggds Paissod tatidjisa, half

angle of the tip and is an indentation
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a b
Hertz sphere-on-flat model Sneddon cone-on-flat model
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models. Labelling: ss1 indentation into the sample;Rpr adi uRsoi ssson r at |
i half-angle opening of the tip.

These two approaches were used to establish the difference in elasticity between the
cardiac, skeletal muscle cells and vascular endothelium {EH8], normal and

cancerous human bladder c¢ll89], t he ol d and yoyled@ moused

Here, the force curves from extended and collapsed polymer brushes were analysed

with both indentation magls.

Fitting the force curves with indentation models

Figure4-7 shows the force curves (blue line) from the extended and collapsed states of
the PDMAEMA polymer brush of various thicknesses fitted with Hertz (green) and
Sneddon (red) models. The averaged force curves collected at pH 5.0 do not fit well
with the expernental data. The models predict steeper behaviour of the cnvine

other hand, the fits match the force curves obtained at pH 9.0 much better.
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Figure 4-7 Force curves (blue) recorded on PDMAEMA brusief 20nm, 30 nmand

60 nm thickness in the dried state) with MLCT cantileterarious pH conditions (pH

5.0 and 9.0)fitted with Hertz (green) and Sneddon (red) models.

The difficulties in fittihg the swollen brush are largalye to the fact that the surface is
soft with a smooth transition between the foomtact to contact arefd61], [162].
Conversely, the force curves from the collapsed brush exhibited the behaviour of the
hard surface with clear determination of the contact point. In our analysis of the force
curves we determined the contact point as the point whestehe repulsion between

the surface and the tip deflects the cantilever.
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To further emphasise the observed differenEegjre4-8 shows the set of the stiffness
curves from the PDMAEMA polymer brush in both swollen and collapsed states of the
different thicknesses, where the stiffness is defined as the force gradient (multiplied by

614 to ensure that deeper indentations at morathegyz result in higher stiffness).
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Figure 4-8 Stiffness curves (bluejlerived from the force curvesrecorded on
PDMAEMA brushes (of 26m 30 nm and 60 nm thickness in the dried stata)h
MLCT cantileverat various pH conditions (pH 5.0 and 9.@ited with Hertz (green)

and Sneddon (red) models.

The experimental data (blue) from the polymer brush at pH 5.0 disagree with the

indentation models in exhibiting gradual increase of the stiffnesheatfirst few
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nanometres of indentation. However, the stiffness curves at pH 9.0 demonstrate the
behaviour as predicted by the indentation models by showing steep increase of the
stiffness, which is indication of a hard(er) surface.

These results are shawg the clear difference between two states of the brush. In
particular, the polymer brush measured at swollen state at pH 5.0 is soft with a smoothly
increasing force as a function of indentatid®3]. However, at pH 9.0 when the
polymer brush is collapsed, it demonstrates a behaviour of harder and stiffer sample,
with a more sudden onset of the force as a function faipple approdrc

As the indentation models failed to fit the swollen brushes, these brushed were instead
fitted with expential behaviour, based on earlier theoretical predicfid®¥ (Figure

4-9). This yielded clearly better results.
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Figure 4-9 Force curves (blue) recorded on PDMAEMA brushes (ofr030 nmand

60 nm thickness in the dried state) at pH 5.0 with MLCT cantilever, fitted with
exponential model (red).

In spite of the difficulties in fitting the swollen brushed with Hertz and Sneddon

i ndentation model s, t he e x stltheasedkfodramdrd e c t

guantitative comparison of the different brushes.

Figure4-10s hows the effective Youngdés modul i
collapsed states scanned by MLCT, MSNL and ShoeBB8&antilevers and analysed

with both Hertz (green) and Sneddon (orange) models. The diagrams clearly
demonstrate that at the collaps¢ates at pH 9.0t he Youngdés modul us
hi gher than the Youngds modulus of the

indentation model or the tip used. However, there are differences between the models
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which are most pronounced for the ML@antilever which has a nominal tijlameter

of40 nm. There are also discrepancies in t
(Table 4-1). Thus,ShoconGSS canti |l evers showed the h
modulus for both states of the polymer brush in both indentation models, whereas the
results obtained with MLCT cantilevers and analysed in Hertz modeugeddthe

smallest values.

The effective Youngo6s modul i at pH 5.0 w
brush to pH 9.0, to within 25% for MSNL and MLCT cantilevers and within 12% for

ShoconGSS cantilevers.

Table4-1The average value for the Youngds m
extended (pH 5.0) and collapsed (pH 9.0) state, based on experiments and fits with
different cantilevers and indentation models.

Hertz model Sneddon model

Cantilevers E, MPa (pH5) | E, MPa (pH9) | E, MPa (pH5) | E, MPa (pH9)

MLCT -E 0.50 £ 0.05 1.7+03 1.7+0.3 8.2+20
MSNL-E 0.90 + 0.06 3.2+0.9 1.1+04 5.0+1.8
ShoconGSS 1.7+0.2 5.6+0.3 3.3+0.6 17.9+10.3
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Figure4-10The effective Youngds modul wsg 30f or t
nmand 60 nm thickness in the dried state) at pH 5.0 and pH 9.0, estimated by applying
Hertz and Sneddon models to the corresponding AFM force curves. The data were

collected with (@) MLCT cantilevers, (b)) MSNL cantilevers andc) ShoconGSS
cantilevers.
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The effective Youngbébs modulus of the pol
example, the high density swollen polymer brush measured in liquid resulted in 500 +
69 kPa[165] which is close to our results, however the thickness of the brush used in
that experiment was in the range from 380 to 800 nm. In another study the elasticity of
the polymer brush in swollen state was 22 + 1 kPa and 11 + 2 kPa in tyesedll
state[166]. On the other hand, the polymer brushes scanned in air resulted in the
Youngo6s modulflerk of 2.5 GPa

Di fferences i n t he effective Youngos m
identification of the contact point in the force curve, but also by the differences in the
AFM probe Figure4-11). The probes used in this work were neither ideally spherical

nor conical as it was assumed in the indentation models. Instead, the all three tips had a
pyramidal shapefor example, e ips with large diameterssuch as MLCT 40-120

nm) appeared to yield lower values ¥fo u n g 6 s amtbhedsareurglentation and

applied forcecompared toMSNL (4-24 nm) or Shocon&sS @-8 nm) probes

— MLCT

— [ISNL
ShoconG-SS

Figure 4-11 Schematic representation thfe AFM tips with spherical indenter, where R
is a tip radius, U is a half opening an
sample.

4.4 Conclusion

This chapter provides references measurgmeo validate simple predictions for
different states of omend grafted polymers, including their appearance in AFM
measurements. The polymer brush was chosen as a model system that can show
different types of behaviour that mimic different scenari@d ttave been proposed to

describe the structure of the permeability barrier within NPCs: This includes extended

96



Chapter Nanomechanical Characterisation of the Polymer Brush

and collapsed states depending on the pH of the buffer, which would resemble an

entropic brush and hydrogel respectively.

The polymer brush usdén this study was grafted from one end to the silicon chip. Both
the high density grafting and repulsive chahain interactions caused the brush to be
the extended state for pH 5.0, which was confirmed by AFM Force Volume
measurements by showing expotial behaviour of the thsurface interaction. The
results are similar to data on F®mains tethered to the gold surfdd®8], [61].
Although, the scale of the substrate differed dramatically (t0@&nd 5 mm), it did not
affect the behaviour of the brush. According to the similarities in the physical
properties, it was assumed that the extended brush fits well with the definition of the
entropic brush model, which states that extended nucleoplanments fluctuate around

the entrance to the pore and do not cohesively interact with each other.

On the other hand, the collapsed brush creates layers of entangled chains to avoid the
interaction with a solvent which resembles the description of theobgtl where the
nucleoporins create dense meshwork due to the hydrophobic interaction between the
FGrepeats and fluctuates insignificantly. Force curves obtained from the collapsed
brush showed sharp increase of the force over indentation which isaatehiatic of a

hard surface. Similar results were obtained on FG domain assemblies formed from
cohesive F&\ups|[22].

AFM imaging and force measurements yielded results that e@rsistent with the
expected collapse and swelling behaviour of PDMAEMA brushes. As expected, the
swollen state is softer than the collapsed one, which is quantified by applying

i ndentation models to determine ®&andiecti v
stiffness increase with increase of pH was shown. Overall the force curves were
following the exponential behaviour in pH 5.0 conditions, following the prediction from
polymer brushe$169]. At pH 9.0, the majority of curves had steeplpes as also
indicated by the calculated Youngds modu
curves can be used to distinguish between entropic brush and collapsed or cohesive
brush (figel 0) scenarios for t hedge @aboudithes por

shape of force curves for each state of the polymer brush illustrated in this chapter can
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be used for further comparison of the force curves acquired from actual NPCs with the

proposed model system. The comparison is demonstrated witmesxthehapter.
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Chapter 5 Nanomechanical Characterisation of the

Nuclear Pore Complex

5.1 Introduction

Nuclear pore complexes (NPCs) have been studied with a variety of approaches,
including structural investigation§4], [6], [13], [17], characterisation ofpurified
nucleoporing9], [170], [24], andevaluation of the kinetics of the transport mechanism
[52], [57], [75], [171]. However, the structure and configuration of the +G
nucleoporins, the building blocks of the permeability barrier, and their transient

dynamic interactiomrestill poorly understood

In this chapter we describe a nanomechdnateracterisation of the permeability
barrier, using AFM in Force Volume mode, which represents a new approach for

studying the permeability barrier.

The Force Volume was carried out by probing individual NPCs in isolated nuclear
envelope with a sharpptito record the interaction between the tip and the sample
(Figure 5-1). In particular, we were interested in the nanomechanics of the central
channel of the pore, where the fiaments, which are the unstructured part of Nups,

form the barrier.

Figure 5-1 Schematic representation of the AFM tip probing the central channel of the
NPC, with unstructured nucleoporins (yellow) here shown to span across the NPC
channel[172].
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The resulting force volume data from NPCs were compared to the force data from the
polymer brush investigated in the previous chapBrapter 4. For this purposes the

type of the tip (MSNEE) was kept the same and thpplied forcewasup to 700 pN.

The main goal of the comparison was to find out whether theep&ats within the

central channel bedve as a polymer brush or not.

To sum up, the aims of this chapter are (i) to measure force curves on NPCs using the
Force Volume method and (ii) compare the behaviour of the force curves of the polymer
brush and the central channel of tiPC.

5.2 Results and Discussion

5.2.1Acquiring the nanomechanical properties of the NPC

The Force Volume mode produces a range of force curves which show the interaction
between the tip and the sample through the relation of the force and indentation. The
exanination of the height and stiffness cross sections of the pore, generated by the force
curves (described irSection 3.1.5 can provide us with information about the
topography and stiffness distribution along the pore. Additionally, the force curves were
fitted with indentation models to find of

5.2.2NPC topography and giffness distribution

Figure 5-2 (a) shows the height cross section which is an average of 19 pores. It was
generated making use of the rotational symmetry around the central axis of the pore (see
Section 3.1.5, Chapter.3)he force data were assigned to the bins around the centre of
the pore, as a function of their radial distance from the pore centre, to acquire an
average force curve for each radial pPpOSIi
which the force de to tipsample contact starts to deviate from the force baseline. This
contact point was identified in two different ways (see Section 3.1.5, Chapter 3): by
fitting the curves with an indentation model (Hertz model, green line) and by dividing
the curve mto intervals, detecting the early onset of the force addipple contact, and

by fitting this onset with a stepwise function (constant for baseline, and linear for the
early onset; orange line). The blue line represents the deformed height of thageire u

applied force. Thus, the indentation of the tip into the sample is the difference between
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the true and the deformed heights. According to this cross section the -HSigL

indented the NPC surface by >20 nm.

Figure5-2 (b) shows the rotationally stiffness cross section for these data, coupled with
the height c¢cross section, where the O0sti
619. The true height profile is the same as in height cross section. The grey area masks
depths for which no or insufficient (i.e., less than 30% of force curves contained data in
this range) force data were available. The stiffness is represented byua roale in

which red is the maximum value (here 25 pN/nm) and blue refers tolztneestingly,

the centre of the pore as well as the edges appears stiffer than the rest of the pore.
Moreover, the central part of the channel (around 20 nm in diametanss® be as

stiff as the rim of the pore.

z [am] 2 [nm] 25

Stiffness, pN/nm

Figure 5-2 a) Height cross section of the pore representing the true and deformed
heights (orange/green and blue lines respectively). b) The height cross sectied

with the stiffness values derived from the force curves. In the colour map the stiffness
values increase from 0 pN/nm (blue) to 25 pN/nm (red). The grey area masks depths for
which no or insufficient (i.e., less than 30% of force curves contaila¢al in this

range) force data were available. The zero point HscZle in both cross sections
corresponds to the height of the nuclear envelope near the NPC (at 2xR). The
horizontal scale represents a radial distance from the centre of the pore, n@untis

the radius of the NPC scaffold R ~ 42.5 nm.

To help interpreting the measured height and stiffness cross sections, the results were
compared to the images of cross sections obtained withebegtron tomography,
which is a technigue commonlyedto study the structure of the NP4}, [18], [81],
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[17], [8], [173]. Since the first cryelectron tomography image of the NPC was
captured, the resolution has improvedndasically from 12 nm3] to 2 nm[10]. EM
cross sections typically resolve both nucleoplasmic and cytoplasmic ring stryé{ures
[18], [17], [8].

The AFM stiffness cross sections can be compared with the structure of the cytoplasmic
side of the nuclear envelope, as determined by EM on the same orgx@sopys
oocytes). The averaged AFM stiffness cross section was overlaith we latest
molecular density EM cross section at the same scale, and the results showed a good
agreement, as depicted kigure 5-3, where it should be noted that EM densities were
masked within a central tube of 17 nm diameter, and that the averaged EM data are not
sensitive to disordered nucleoporirihe high stiffnessat the edges of the pore is

attributable to the cytoplasmic ring.

The location of the stiffness matched well with that molecular density in the iore.
locations of enhanced (red) stiffness match well with the (structured) molecular density
in the pore.The rest of the central channel is filled with the molecular density

corresponding to various protein structures of the INFOC

AFM +40

+20

Z (nm)

-20

i .40

Figure 5-3 The AFM stiffness map (NPC cressction) overlaid with cryelectron
tomography representation of the NPC (cross secfidh)Both representations ara
the samescale.The EM image was adapted frofh0] andthe AFM cross sectio was
adapted fronj172].
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Therefore, by looking at the stiffness distribution, we can conclude that the shape of the
NPC was preserved during For#®lume measurements, including the presence of
central density.

5.2.3Elasticity of the NPC defined by indentation models

The force curves were also fitted with Hertz and Sneddon m¢siets Sectiord.3.3
Chapterd)t o obt ain t he ef ffa each pareoftiemaore Biguse 4ano d L
shows the average force curve (out of 19 pores) from the centre of the pore fitted with

the Hertz and Sneddon models.

The force curve obtained from the NPC central channel shows a steep increase of the
force with inderdition and exhibits a clear contact pdiigure5-4 a). Both fits roughly

match the experimental data and overlap with each other at the slopeuarthere are
discrepancies in contact point identification. Both models found the contact point in a
non-contact area. The Sneddon fit identified the contact point 10 nm apart from the
contact point found with our Contact Point Identification routjsee Section 3.1.5,
Chapter 3, while the Hertz fit found the contact point about 4 nm away from the
original point. Briefly, the indentation models show a reasonable but not perfect

agreement with the experimental data.

Stiffness curvesHigure5-4 b) derived from the force curve and model fasnversely,

show a clearer difference between the modé&le Hertz model replicated the data
curve better than the Sneddon model. It foundcthr@act point at the right position and
followed thetrend of thecurve along the indentation showing the dike behaviour of

the derived force curve, corresponding to a sudden increase of stiffness. On the other
hand, the Sneddon model predicts adimeurve from the contact point to the maximum

indentation.
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Figure 5-4 a) Data force curve an¢b) stiffness cunee(both purple) fitted with Hertz

(green) and Sneddon (orange) models. The contact peirt zero.

Figure 5-5 shows the difference in theffectiveYoung6s mod uUrbnuthbe obt a
force curvedor the two models.Figure 5-5 (a) demonstrates the values for the elastic
modulus calculated using the Hertz model. It shows high values of the modulus at the
same posibns where the maximum stiffness was obtained before: the cytoplasmic ring
and the central channedWe can observe that the aver a

central channel is slightly lower than the ring (about 0.4 MPa).

Conversely, the elastic modulusoss section acquired using the Sneddon model
showed the stiffness profile matched neither the Hertz model nor the stiffness cross
section Figure5-5 b). It shows a high elastic modulus for the inner side of the channel
between the central stiffness and the rim. Moreover, the stiffness at the centre is not
prominent anymore, although the standard deviation indicates some variation in
determining the ftness, but it still is not as high as the elastic modulus at the rim.

Overall, the value of the Youngds modul u:

For the Youngds modulus determinati on, t
and only te first ~20 nm of indentation, since we expect the force curves to become
more artefactual for larger indentations, due to interaction of the tip shaft with the NPC

scaffold.
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Figure 5-5 Cross sections of the elastic modulus distribution in the pore obtaingd by
Hertz and(b) Sneddon models.

In the scientific literature, the stiffness biblogical cells iscommonly represented by
Youngds modul usingahe Halteanad Snedtdomodety174], [175], [176],

[177], [178], [179]. However, since these models assume indentation in airs@mte,
homogeneous material, it is not surprising that some data did not fit well with either
model model. For example, the fitting of the Sneddon model to the force curves
obtained from cardiac cells, shows a large deviation from the data points. However, the
blunted conical tip used in the same analysis resulted in a good fit to the data force

curves[177].

In addition,if the sample is too thin, then the underlying hard substrate could cause the
stiffnress mesurements to yield artefactuallitigh results [180]. For our NPC
measurements, however, it was shown that the underlying substrate did not yield
significant changes in the stiffness measurement, by comparison to results on NPCs of
which the nuclear basket (here acting as a spacer between NPC and substrate) was
removed172].

It is not surprising that the models did not match well with the experimental data shown
in Figure5-5. In practice, it is difficult to justify a quantitative use of either the Hertz or
Sneddon modetlue to the following reasons. Firstly, the tip shape is not as ideal as
assumed in thesmodels Instead of a spherical or conical shape, ideally a pyramidal
probe with a blunt end would be used. Secondly, the surface of the nuclear pore is not
flat and homogeneous, and it has a finite thickness. Nanoscale confifemexgected
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properties ofthe proteins in nanoscalean be expected to play a role in the central
channel. Moreoverhe indentation deptf>20 nm) is not negligible compared to the
height (thickness) of the nuclear pore, which is abou?®0m in vertebrateglO],
[181]. As a result, the measured values of t

used for comparative studies, and not as absolute values.

I n other words, they can provi deshowtheect i
difference between the elastic modulus at various locations of the[3&8k [182],
[183].

5.2.4Comparative study of the nanomechanical properties of thelPC

and the Polymer brush

It is interesting to draw the comparison between nanomechanical properties of the
central channel of the NPC and the polymer brush because existing models of the
permeatity barrier suggest that the barrier is formed by a gel or a brush. Thus, the
evaluation of force and stiffness curves of the NPC and the polymer Wwaugt be
informative on the question if the barrier shows a bilik&hor getlike behaviour.

As an additional control the comparison was also made with the polymer brush in the
collapsed state. As it was shown in Chapter 4 the polymer brush can be found in two
states depending on the pH of the buffer solution. In the extended state thesbrush
stretched out from the grafted surface and fluctuates freely, which corresponds to the
Opol ymer brushdé model , whil st i n the <co
tangled, which couldesemblea 6 hydr ogel 6 model

Nanomechanical properties axtended mlymer bruskescompared to the NPC

The force measurements were done in Force Volume mode using AFM on Multimode
IV by probing individual pores and collecting the force curves from each pixel of the
image. To directly compare the nanomechanical properties of the polymer brush (see
the previas chapter) and the properties of the NPC central channel, the scanning

conditions were kept the same, i.e., probe, applied force, scan size and resolution.

Figure5-6 (a) shows the average force curves collected from the brush sample (red line)

and NPCs (blue line). The brush sample presented here is in its extended statedat pH 5
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and has a thickness of 60 nm in a dry stiatair). The curve corrgmnding to the NPC
was collected from the central channel, specifically from the-shslped area of ~8 nm
diameter located at the centre of the NPC. Both force curves were aligned to the contact

point (defined as zero separation)

The force curve obtaned from the polymer brush sample display exponential
behaviour, making it difficult to identify the contact point. On the other hand, the force
curve from the NPC is much steeper and has a prominent contact point since the force
increases linearly afteoatact with the surface, i.e., the deviation from the baseline is

sudden and welllefined.

The indentation of the tip into the polymer brush sample is about 60 nm, whilst the NPC

sample shows only about 30 nm of indentation.

a b
Force curves Stiffness curves
1.1 0.06
0.05
0.9 ’55‘ s#==Brush +—NPC "\
= Brush +—NPC
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Figure 5-6 Averaged force (a) and stiffness (b) curves from the centre of NPCs (based
on 76 individual curves) and from the extended polymer brush (based on 1024 curves).
The red line corresponds to the 60 nm thick polymer brush at (@Xténded state) and

the blue line central channel of 19 NPCs.

The same observation on the behaviour of the force curves can be made by analysing
the stiffness curves, which are derivatives of the force curves shown d&hguee -6

b). As expected, the stiffness curve of the polymer brush also displays exponential
growth, as in the force curve. This is different to the behaviour of the NPC sample,
which shows a steep increase in the stiffness during the first few nanometres of

indenttion, and then continues to increase slowly.
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The steep growth of the force and the dikg increase of the stiffness, demonstrated

by the central channel of the NPC, suggest that this region, in which the permeability
barrier of the pore is located; tielatively stiff. On the contrary, the polymer brushes
showed exponential behaviour for both force and stiffness, which is a hallmark of a
materi al domi nated by ther mal fluctuati
[184].

Nanomechanial properties ofcollapsed plymer bruskescompared to the NPC

Although a brush in an extended state is softer than the NPC barrier, a brush in a
collapsed state might be of the simikstiffness.Figure5-7 (a) shows the similarity in

the behaviour of the force curves which were obtained from the collapsed polymer
brush at pHd.0 (red) andfrom the NPCs (blue). During the first 15 nm of indeiata,

the force curves are almost overlapping. The stiffness curves also confirm the similarity
between the NPC and brush samghggyre 5-7 b). Up to ~15 nm indentation, the
curves from the NPC appear slightly steeper than those of the polymer brush. The small

differences between the force curves can be easily spotted on the stiffness curves.

a b
0o Force curves 0.08 Stiffness curves
0.3 0.07 .
07 " X 0.06 »
’ .'. \ s Brush —e— NPC E 005 A = Brush t.tthC ‘
0.6 e . a e centre
%, X (collapsed) (at the centre) ._ZE_ '.'\ \ (collapsed) )
z 05 o X € 0.04 T "
9 0.4 L4 @ [}
g - g 003
o 03 £ 0.0 8
0.2 a &x.
01 0.01
0 0
0.1 .0.01
-30 -20 -10 0 10 20 30 30 20 -10 0 10 20 30 40 50
Separation, nm Separation, nm

Figure 5-7 Averaged force (a) and stiffness (b) curves from the centre of NPCs (based
on 76 individual curves) and from the collapsed polymer brush (based on 1024 curves).
The red line corresponds to the 60 nm thick polymer brush at(obll@psed state) and

the blue line central channel of 19 NPCs.
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Currently, bi ophysi cal descriptions of t
remain hypothetical due to minimal information about the nanomechanical properties of
FG Nups, with constitute the barrier.

The FG Nups studiedn vitro showed that they can take up four different
conformations. The first one is the brdgte extended state of the FG nucleoporins
[23], [62], [61]. For example,AFM force measurements of the FG containing
nucleoporins (cNup153), which were tethered to the gold nanodots, showed force
curves with longange repulsive steric forces, supporting the biikehmodel. This
polymea brush behaviour is nomecessarilysurprising fordisordered, unstructured
proteing[62], [61].

The second conformation is a collapsed state of FG Nups, whiclals@slaimed to
resultwhen the FG domins were interacting with karyopherif3], [26]. A collapsed
polymer state would also greatly resemble a hydrogel structure, as observed for FG
Nups in vitro [28], [27], [24], [26], [25]. The hydrogel has a functional selectivity,
meaning it excludes cargo without nuclear transport receptors. Interestingly, the FG
nucleoporin Nup153, which was mentioned above having a #ikesltonformation,

was observed in a gel st4g#6]. The latter indicates that the vitro studies of FG Nups
maynot give a complete representation of the permeability barrier structure.

Our experiments were conducted on th&act NPCs and show that the permeability
barrier of the central channel is quite similar in stiffness with the collapsed brush state.
When thebrush collapses, the conformation of the polymer chain alters and a meshwork
of tangled brush strings form, thus, the compressibility incr§d8&¢. This means that

the central channel of the NPC is stiffer than the brush in its extended state. This
conclusion excludes thentropicbrush model as an explanation for the permeability
barrier since if the barrier constituted from the brlish filamens of FGNups, it

would appearsofter and easieto penetrateThe AFM results thus appear in better
agreement with a hydrogel state, formed by ctivd®d FGrepeats.

However, the stiffness at the central channel might still be due factors that are not
intrinsic to the NPC, and might thus not allow any conclusions about the nature of the

FG Nups in the transport barrier. In particular, the central stiffness featurarsppe
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similar to previous observations of a central plug, the nature of which is rather

controversial.

Figure 5-8 Averaged pore (>100) of thieke embedded Xenopus NP&smeasured by
transmission electrormicroscopy. The central plug appears at the centre of the
channel. On the right side there is a pr
protrusion is clearly observablg].

In particular, thiscentral plug(Figure 5-8) was considered as either a cargo trapped
during the transpoliftL4], [186] or as a meshwork of filaments from Nufggl], [187].

The central plug is mobilg 10], [188] though it can disappear by applying a large force

to the tip during AFM imagindg189]. It has also been claimed that it might be an
artefact caused by the nuclear basket folding during fixation of a s§@®pléHowever

it has been shown to exist even without figati although it may not be observable in

every single NP(37].

It has also been referred to as a transporter, which presumably helps the cargo to
translocate the pore and acts as the central transport channel. The transporter is believed
to be bound to the ring via eight internal filaments which seemingly open aselth®

gates of the transportfs], [7], [186].

Therefore, the current data is not yet conclusive and requires further investigation with
shaper and narrower tips to probe deeper inside the channel, and additionally, imply
new sample preparation protocol to verify if stuck cargo is not a dominant factor in the
NPC structure.

Therefore, the next chapter will present the nanomechanical pespeftthe NPC in a
Owashed outodé state, with |ittle or no c¢
sharper and had a higher aspect ratio. Consequently, the models of the permeability

barrier will be tested. Thus, if the NPC is free of cargo, the E@sNn central channel
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should either demonstrate the characteristics of Hikshor hydrogel behaviour.

Additionally, the nature of the central plug should be clarified.

5.3 Conclusion

The AFM Force Volume mode was able to generate height crossnseof the pore,
indicating the true (nomdented) height and the deformed height under an applied
force. Forces were measured over indentations of >20 nm. The topography and stiffness
cross section of the pore matched well with EM data for NPCs ofatine srganism

(Xenopus laev)s

The nanomechanical properties acquired from the central channel of the pore were
compared to those from the model systempolymer brushi to answer the question
whether the permeability barrier resembles an entropic brustitge or the gelike
structure. However, it is worth to mention that the conditions within NPC are different
from the model sample for several reasons. Firstly, model sample used the synthetic
material rather than F@omains, though the physical propes appear rather similar.
Secondly, in the NPC the F@mains are confined within a nanoscale pore, whereas
the polymer model sample has macroscale lateral dimensions. However, as it was noted
earlier, this difference is not detectable in force curvdsrdly, the density and
concentration of the F@omains is not strictly comparable with the polymer brush
density.

Despite these limitations polymer brush is a convenient model: a sample that can show
two different types of behaviour. By assuming thatdbesely grafted polymer brush in

the collapsed state creates thick meshwork of polymers as in the hydrogel, we took the
force measurements of the brush in extended and collapsed states to represent two
proposed models for the structure of the permealtiéityier.

As a result of the comparison of nanomechanical properties between the polymer brush

and the NPC, we concluded that the structure of the FG Nups in the barrier resembles

rather a collapsed than an extended brush. Although there was a good onateh f

force curves measured from the NPC central channel and the collapsed brush, there are

few points to consider such as that different materials were probed (synthetic vs.

111



Chapter 8Nanomechanical Characterisation of the Nuck@ie Complex

natural), with an iHdefined grafting density. In addition, the configuratioh tie
nucleoporins within the NPC and the arrangement of the polymer brush upon collapse
might differ drastically because the differences in scale and geometry as outlined above.
Nevertheless, force curves from both samples exhibited stiffer material thigan

extended polymer brush.

However, these results needs further investigation due to the fact that NPCs imaged on
AFM might still contain other macromolecules and karyopherins, which could
contribute to the stiffness in the central channel. Moreovegrdmg to the brush

model the entropic extended brush filaments collapsed when interacting with nuclear
transport receptors. For this reason, it is important to verify to what extent the observed
nanomechanical properties in the NPC can be interpretddeaso the F&ups (i.e.,

pol ymers) alone. Therefore, further expe
the next chapter to determine the nanomechanical properties of the permeability barrier

with reduced amounts of possible cargoes and karyopherin
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Chapter 6 Nanomechanical Characterisation of the

Permeabhlity Barrier upon the NPC wash

6.1 Introduction

The transport mechanism in NPCs depends hugely on the structure of the permeability
barrier. Various proposed models imply very different characteristics for the NPC
nucleoporins in the permeability barrier, ranging from hydrogel behaviour to that of an
ertropic polymer brush. The hydrogel model assumes that the nucleoporins are a gel of
crosslinked FGrepeat proteins, which are dissolved upon interaction with transport
receptors. On the other hand, in the polymer brush model, the nucleoporins are
fluctuaing extended proteins, which in some views may collapse when transport

receptors interact with them.

The results of the previous chapter show that the nanomechanical properties of the
barrier in the central channel of the pore are drastically different firoperties of the
extended polymer brush, but agree reasonably well with the properties of the collapsed
brush. Moreover, the pronounced stiffness at the central channel was observed, which
might be attributable to a cargo molecule trapped inside the po the actual
permeability barrier. In other words, it is not clear to what extent the observed
nanomechanical properties in the NPC could be assigned to the nucleoporins in the
transport channel. It was therefore decided to wash the pores, removenaiging

cargo molecules, and probe the NPC central channels once again. Additionally, to probe

deeper and collect more accurate data the super sharp tips we(Eigsssb-1).
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Z (nm)

-40 -40

Figure 6-1 Probing the NPC wittfa) MSNL tip with 18opening angle and nominal tip
diameter4 nm (solid line); and maximum tigiameterl6 nm (dashed line); b) probing

with super sharp tip of “8opening angle andt nm tip diameter (solid line); and
maximunB nm indiameter(dashed line).

The experiment in this chapter was designed to probe the NPCs in their native state, i.e.
probably incluling cargoes and nuclear transport receptors in transit; aadstate,

where these have been depleted by adding transport enhancing reagents and enzymes
digesting ribonucleic proteins, which are presumably some of the largest cargoes in the

NPC.

The renoval of cargoes from the central channel of the NPC was achieved by activating
the Ran cycldor the isolated nucleicausing a larger number of transport events to
occur. Specifically, active transport was promoted by-Ranand EnergyMix (see
Section .7, Chapter Bcontaining the main components required for the transport
cycle; and the nuehkr transport receptor Importin ~ -Ri& contains proteins such as
RanGTP, RanBP1, RanGAP and NTF2 that sustain the nuclear import process. The
transport processs also energylependent, thus the Energy Mix was added to the

system to provide the active transport cycle with the required chemical energy.

The transport activation was verified oe isolated nuclei by observing an
accumulation of fluorescent cargmside the nuclei using confocal microscopy.
Additionall vy, the effect of transport ac

find out if it behaves as a cargo. The permeability barrier integrity was verified by
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observing the leakage of fluoresceftt kDa dextran in the presence and absence of

cyclohexanediol (CHD) whicls known to degrade the barrier

Moreover, any remaining cargo was biochemically removed using the endonuclease
Benzonase, designed for nucleic acid digestion, including DNA and .RN%

digestion was verified by observing the change in intensity of fluorescently tagged RNA
in NPCs on isolated nuclear envelopes using confocal microscopy. Additionally, the

process of digestion was also confirmed by applying the Western Blot analysis.

After verifying the transport activation and macromolecules digestion, the NPCs were
probed on AFM in Force Volume mode to generate the stiffness cross section and
compare the results on native NPCs and 0

6.2 Results and Discussion

Prioro measuring the stiffness topography
control experiments on the confocal microscopy were run to ensure the transport was
activated, nuclei were still functional and the cargo was digested after treatment with

Ran/E-mix and Benzonaséd-{gure6-2).

Positvec ont r ol sampl e or Atreat e-bodEmiaafterl es v
isolation of the nuclei, andvith Benzonase nuclease and after nuclear envelope
isolation. For a negative control sample for AFM measurements, confocal imaging and
Western Blottriemgeda S8mopke was subjected
except the inclusion of Raffe-Mix and Benzonase treatment in the used reagents.

Firstly, the integrity of the permeability barrier was assessed by observing the limited
access of the fluorescent dextran which is > 40 kDa in size into the nuclei in comparison

with easy flow of dextran uporebr r i er 6 s damage.

Secondly, after the integrity of the selectivity barrier was verified, the transport
activation was confirmed by monitoring the import of fluorescent cargo into the isolated

nuclei. Similar experiments were carried out for fluorescdabiglled Importins.
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Thirdly, after confirming the transport activation on nuclei, the digestion of the cargo
was verified on isolated nuclear envelope using confocal microscopy. The intensity of
fluorescently tagged RNA was recorded upon the -R&Mix and Benzonase
treatment. To support the findings, the same sample was analysed using Western

Blotting.

Confocal microscopy

Verifying the integrity of the permeability barrier
1 in nuclei

Confocal microscopy v

Verifying the activation of transport mechanism in
2 nuclei
(by adding Ran-and E-Mix)

Confocal microscopy

Additional control
of barrier’s integrity

/ (via deliberate damage of the barrier)

Confocal microscopy v

Testing an effect of the transport activation on
3 NTRs in nuclei

Confocal microscopy v Western Blotting

Verifying the digestion of the cargo
4 in nuclear envelopes (by adding Benzonase)

AFM

Force Volume measurements on native and
5 ‘empty’” NPCs

Figure 6-2 A diagram describing the experiments done in this chapter and their
sequence

To ensure that the positive and negative controls could be accurately compared,
experiments for both controls were carried out on the same day, from the same batch of
oocytes, and using AFM tips from the same batch. It shoukhijEhasisedhat in this

study functional nucle[190], [191] and nuclear envelop§E92] were used.

6.2.1Assessing the structural integrity of the permeability barrier

Trans1,2-cyclohexanedio(CHD) is known to cause irreversible damage to the NPC

barrier at 5% concentration. After exposure to CHD, NPCs, and hence the nuclei,
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become o061 eakyd f or [193mhiswat comfifmed by sbgervingthea r g
influx of 12 kDa and 7®&Da fluorescent dextran after nuclei exposure to the CHD using

confocal microscopy.

The reason for the permeability barrier collapse upon CHD treatment is not well known
yet. Some assume that it is related to the breaking of bonds between tbpea@76]

or dissociation of the Nups from the NPC (Nup62 and NupB&3]. The first scenario

was tested by monitoring the F@teractionusing the fluorescence microscopy. In
particular the Sepharose beads coated with-883116 had a binding with fluorescent
CFPRNup100, and upon CHD exposure, the-in@raction was disruptedFigure6-3 a).

The second scenario was tested by exposing the nuclei and nuclear envelopes to CHD
and observing the increasing amount of the nuclear proteins leaking out from nuclei and
nuclear envelope into thersaunding area. This was recorded by usodium dodecyl
sulfate polyacrylamide gel electrophore§&SPAGE), which is designed to separate
proteins by their sizeF(gure 6-3 b,c). To test whether this outcome is due to the CHD
effect on the barrier, the nuclei were incubated with WGA which is known for binding
the glycosylated sites of Nups mainly at the cytoplasmic ring. As a result at high
concentation of CHD, the medium around WGA gtreated nuclei did not show any
sign of nuclear proteins. This means that most likely CHD affects the barrier by

affecting the nucleoporins.

Regardless of the exact mechanism, these results allow us to charactdresmpare

the permeability barrier for intact and damaged NPCs.
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a Extranuclear
Nuclei medium

l = NUPE2 e w S S - —— -

|

Nup98 ~q.'ﬁn

trans-1,2- 01 2 3 45 01 2 3 4 5
cyclo HD CHD concentration, %
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Nuclear envelopes medium
. . Nup62 = - —
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0 2 5 0 2 5

CHD concentration, %

Figure 6-3 (a) The interaction of GSNupl116 beads with fluorescent CiRRIp100 in
presence of 5% CHD has been brokég]. SDSPAGE analysis applied to (b) nuclei

and (c) nuclear envelopes to identify whether there is a sign@&Nup98 and Nup62 in

the surrounding medium upon exposure to CHD at various concentrfti®8ls

Figure6-4 (a) shows the nuclewnith NPCs for which the permeability barrier is intact,
since the interior of the nuclei appears dark restricting the surrounding fluorescent 70
kDa dextran from import. In contrasEigure 6-4 (b) shows the nuclei filled with

fluorescent dextran upon degradation of the barrier in the presence of CHD.

To quantifythese observatioribe rate of diffusion of 70 kDa dextran across the nuclear
envelope wasaiculated in the presence and absence of CHD. The rate of dextran influx
upon a 5% CHD wash appeared to be ten times fajgtdé+0.1x10%s™) than ina
sample with no CHD treatmei(3.5+0.3k10° s?). Figure 6-5 shows the changes of
intensity over time, before and after the addition of CHD, based on measurements on
five nuclei. The background fluorescence intensity before the CHD injection was
constant, although it increased over time after incubation with CHD. This is possibly
due to the diffusion equilibration of theuirescent dextran which wasldedinto the

buffer after the incubation witlCHD to keep the same concentration of fluorophore

(because prior to injectioof CHD the corresponding amount of solution was remwved
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a Control b 5%cyclo

g

Dextran 70 kDa

NPC wash

Figure 6-4 Confocal images of nuclei incubated in 70 kDa Dextran(ay:the absence

of, and(b) the presence of 5@HD.
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Figure 6-5 Average changes of fluorescence intensity over time in nuclei before and

4500

after injection of CHD.The fluorescent signal from dextran was recorded for 35
minutes before the CHD addition, thafter a gap of 2 minutes during which the nuclei

were incubated with th€HD, the scancontinued for another 33
bars (in black) represent the standard error of the mean.

minutes. The error

This experiment shows that the nuclei integrity remains intdet &olationof the

nuclei and that the barrier excludes molecules of sizes larger than 40 kDa, unless the

barrier is deliberately broken.

6.2.2Activation of the transport cycle and its effect on the cargo

The experiments on the enhancement of the Rale on isolated nuclei frorK. laevis

oocytes were done in the presence of the fluorescent daapd-{BP-IBB-GFP) with

anImportib bi nding domain using confocal mi
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transport functionalityin vitro [194]. The nuclei were incubated with tifl@orescent
cargo and Importin, f ol | owe d -Japd EMix. & asnkegativernconRal, the

nuclei were washed with solution withouRan and EMix.

Figure 6-6 (a) shows the image from the confocal microscope of the negative control
sample, when the nuclei were incubated only withfliln@rescent cargo and Imporfin
There is a fluorescence signal inside the nuclei and a slightly brighter signal on the
edges of the nuclei. On the other hafidure6-6 (b), which shows the positive control,

I.e. the nuclei washed with the Rand EMix, renders an even distribution of intense
fluorescence both on the rim and inside the nuclei. Additionally, the background in the
first sample of mockreated nuclei exhibit brighter signal than the background in the

treated sample.

The fluorescence intensity over the nuclear envetopkthe interior of the nuclerere
compared for both controls, with the results showingfal® increase in the nucke
envelope and-fold increase in the nuclei interior for the positive conffogure6-6 e).

The images along the bottom of théyure 6-6, (c) and (d), show the nuclei in
presence of the large fluorescently tagged 70 kDa dextran, and serve as validation for
the integrity of the nuclei. This dextran molecule is significantly larger than the size
exclusion limitfor passive transport (40 kDa). Thereforiethe nuclei arentact, the

dextran cannot translocate across the NR@keed, the dextran remained outside of the
nucleus, as expected, for the period of the measurements, demonstrating the intactness

of the selective barrier to transport.
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Control Ran-/E-Mix Intensity averages of NE and Nucleus (-NE)
of mock- and Ran-/E-Mix treated samples

B Nuclear envelope M Nuclei (-NE)

IBB-MBP-GFP

1500

ggg 1,062

=
o
o
o

70kDa-Dextran
Intensity, a.u

165 147

Mock-treated Ran-/E-Mix

Figure 6-6 a) Mock treated andb) Ran/E-Mix treated samples incubated with Rehl
IBB-MBP-GFP t measure active transport. ¢) ard) {0 kDa dextran was added to the
corresponding nuclei to check the integrity of the nuclei. Scaated®)O um. e) The plot
represents the RcABB-MBP-GFP signal intensity imuclear envelope and interior of

the nuclei in mock and treated samplesvith error bars indicatingstandard error of

the mean. 15 moedkeated and 16 Ran E-Mix treated nucleiwere analysed. The
images were acquired #he same settings of the lasphotomultiplier gain and offset

levels.

Compared to the experiments without Rand EMi x (fAuntreatedod nu
fluorescence inside the treated nuclei demonstrates dtieation of the transport
process, where the cargo is translocated into tobkeoplasm, assisted by Impofiin a n d
Ranconstituents.In these positive control samplethe fluorescent intensity in the
nuclear envelope was 7% less than inside the nuclei. For the untreated nuclei, more of
the cargo remains stuck at the nuclear envelope (11% larger than in the suaei),

there is a deficiency of Ran, which is primardgtive at the nucleoplasmic site of the
NPC, and releases the cargo from the cen
deficientd condi t itendssto acchneulatét khe peripbesycotthet cCa

nuclei by docking to the NPC vilenportnb [75].

To sum up, in this experiment there was an obvious influrspbrtinrbound cargo into

the nucleuswhereas n@bservable leaks were detecfed passive transparfincethe

signal in mockireated samples from the nuclear envelope was larger than inside of the
nuclei, while in the Rar/E-Mix treated sample the highest integstéame from the

nuclei, rather than nuclear envelope, we can conclude that fluorescent cargo has
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successfully translocated across the pore and accumulated inside the nuclei with less

cargo stuck in NPCs.

Behaviour of cargo upordamage to thgermeability barrier

The breakdown of the permeability barrier and its subsequent effect on cargo import
was shown by confocal microscopy images, akigure 6-7. The nuclei which were

full of cargo (IBBMBP-GFP) inFigure6-7 (a) became almost empty upaoine CHD

wash Figure 6-7 b). The GFP intensity dropped after cyclohexanediol treatment to
~70% EFigure6-7 e), which means the majority of cargo was washed away from the
nuclei. On the other hand, the dextran import into nuclei was sldwguré 6-7 c, d),

such that the increase of dextran fluorescence in the nuclei was Fg8i#e -7 f).

Control 5% Cyclo

keasl o Averaged intensity of IBB-MBP- f A‘_’e'_agEd in'fensity of dextran
o GFP in nuclei upon cyclo wash within nuclei upon cyclo wash
ook
m
E mNo Cyclo m Cyclo mNoCyclo mCyclo
o
600 500.78 1200

800 665.11

462.52
0

Figure 6-7 a) Control and(b) 5% transl,2-cyclohexanediol washed nuclei were
incubated with IBBMBP-GFP. In (c) and (d) structural integrity of the nuclei was
tested by adding 70 kDaextran. Scale bar 400 um. Plots of averaged intensity of the
(e) fluorescent cargo and) fluorescent dextran within nuclei in presence and absence
of CHD.

400
200

Intensity, a.u.
Intensity, a.u.

70kDa-Dextran

These results demonstrate that upon damaging the permeability barrier, most of the
cargo, whichwas trapped inside the nuclei, was released, and very little remains inside
the nuclei. Thus, the intact permeability barrier holds the accumulated cargo inside the

nuclei.

6.2.3Effect of the transport activation on the depletion of the nuclear
transport receptors (NTRS)

In this section the Importth i nf | u X into the nucl ei wa

initiation by Ran and EMix.
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Figure6-8 (a) shows a confocal image of nuclei incubatéith | mpor t i nb t agg
the fluorophore GFP, in the buffer NIM 1.5% PVP. Similarly to the results shown in the
previous section, the nuclaieated with Ranand EMix show a strong fluorescence

signal around the nuclear envelope and a much weaker signal wiigurg 6-8 b),

whereas the antrol experiment, although also showing a high intensity around the
periphery of the nucleus, has a much higher fluorescence signal irgidee(6-8 a).

The integrity of the nuclei was tested by adding the 70 kDa dextran prior to
measurements, which is excluded from translocation into the nuclei due to its large size

and lack of a nuclear localisation signiigure6-8 c, d).

The intensity of the nuclei and its periphery was quantified to compare the signal
between the positive and negative control experiméfigrife6-8 €). The intensity of

the mocktreated nuclei (11 in total) excluding its periphery was 26% larger than in the
Ran and EMix treated nuclei (9 in total). The rim of timeiclei showed similar results:

the intensity of the rim in moekeated sample was 18% larger than in the treated

nuclei. However, the statistical significance of these differences was insufficient to
make any concluding statements about NTR depletioe. Her both samples, the

fluorescence intensity at the periphery of the nuclei was larger than inside.

Figure 6-8 a) Control and(b) Rar/E-Mi x tr eat ed sampl-6EPtad ncub
verify the accumulation and washt of nucleartransport receptors and witfc) and

d) 70 kbDa dextran to check the iIintegrity
GFP signal intensity in # nuclei in control (mockeated) and treated samples with
standard error of the mean. 11 mettkated and 9 Ran E-Mix treated nuclei were
analysed.
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