Figure 50
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A model for the role of the Nup84 complex in NPC assembly

The heptameric complex was reported to play an essential role in the
formation of NPCs, both post-mitotically and during interphase.
Immunodepletion of the vertebrate homologue of the heptamer from nuclear
assembly reactions leads to the formation of a continuous nuclear envelope
devoid of pores (Harel et al., 2003; Walther et al., 2003). Similarly, the
heptamer is required for de novo insertion of NPCs into the interphase
nuclear envelope (D'Angelo et al., 2006). While the mechanism of NPC
assembly is currently unknown, a specific structural role for the heptameric
complex in this process can be envisaged based on its structure and its
affinity for highly curved membrane surfaces.

Formation of new NPCs during interphase requires the
formation of a fusion pore between the outer and inner nuclear membranes.
In other biological contexts, membrane fusion was shown to occur by a
stepwise process: apposition of two membranes, hemifusion between the
inner leaflets of the two lipid bilayers, reversible formation of a small fusion
pore, stabilization and expansion of the fusion pore (Chernomordik and
Kozlov, 2008). In different biological processes, such as exocytosis or viral

membrane fusion, these steps are catalyzed by specific proteins that interact

137



with the membranes to overcome the inherent energy barriers of each step
along the fusion pathway, and to control the geometry of fusion.

The heptameric complex may function in one or several phases
during the formation of nuclear envelope pores (Figure 51). The formation
of the initial fusion pore is likely catalyzed by integral membrane proteins,
possibly by the poms, which are components of the mature NPC. The
heptamer may then stabilize initial fusion pores, by binding to the sharply
bent membrane lining the pore. The following step of fusion pore expansion
is particularly interesting in the case of nuclear envelope pores: whereas in
other biological contexts, such as vesicle fusion, fusion pores expand
maximally to integrate the vesicle membrane into the target membrane, the
nuclear envelope fusion pore expands to a defined diameter of ~100 nm to
accommodate the NPC. A scaffold formed by several heptamers may control
the final size of the fusion pore, and thus act as a molecular ruler.

Once the heptamer scaffold has stabilized the 100 nm pore, it
can serve as a platform for the recruitment of other nups. The eightfold
symmetry of the NPC may be dictated by the eightfold symmetry of the

initial scaffold formed by heptameric complexes.
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Figure 51 Hypothetical role for the heptameric complex in NPC assembly.
Interphase formation of NPCs requires a fusion between inner and outer
nuclear membranes, which is presumably by transmembrane proteins yet to
be identified. The heptameric complex may recognize and bind the sharply
bent fusion pore membrane, thereby stabilizing it. Assembly of a scaffold of
heptameric subcomplexes may define the final diameter of the pore, and
possibly also determine the eightfold symmetry of the mature NPC. The
nature of the scaffold is currently unknown; it may consist of two or four

rings, or some other arrangement of heptamers.

The architecture of a scaffold formed by Nup84 complexes is as
yet unknown. Unfortunately, I was not able to observe higher-order
assemblies of the heptamer directly by EM. Interactions between heptamers
are likely unstable outside the context of the NPC. This may even be a
physiological requirement, since these interactions would have to dissociate
to allow the passage of integral membrane proteins of the inner nuclear

membrane through the NPC (King et al., 2006).
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Several models have been proposed for the structure of a
Nup84 complex scaffold in the context of the NPC. The heptameric complex
was suggested to assemble into a head-to-tail arrangement of eight
heptameric complexes in a ring (Hsia et al., 2007). 1 built such a
hypothetical head-to-tail ring from the EM maps (Figure 52), and the
resulting diameter is ~100 nm, which corresponds to the observed outer
diameter of the NPC.

It was also proposed that four such rings in an anti-parallel
arrangement would form an outer cylinder of the NPC, in which hetero-
octamers of Nup85-Sehl and Nupl145C-Sec13, which were observed in
crystals, form poles parallel to the nucleocytoplasmic axis (Debler et al.,
2008; Hsia et al., 2007). The present EM data does not necessarily support
such an arrangement, since Nup85-Sehl and Nupl45C:-Secl3 are only
separated by ~10 nm within one heptamer, whereas the anti-parallel cylinder
model would require them to be separated by about half the length of the
entire heptamer, i.e. 20 nm or more (Debler et al., 2008; Hsia et al., 2007).
However, it cannot be excluded that the structure of the heptameric complex
within the NPC differs drastically from the structure observed by single-
particle EM. Furthermore, it is possible that either the Nup85-Sehl or the

Nup145C-Sec13 hetero-octamer pole exist in the NPC, but not both.
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100 nm

Figure 52 Hypothetical model for a head-to-tail arrangement of eight
heptamers in a ring. The ring diameter of ~100 nm is in good agreement

with the outer diameter of the yeast NPC.

An alternative model for the arrangement of Nup84 complexes
within the NPC was suggested (Brohawn et al., 2008) in which eight
heptamers interact via their Nup85-Seh1 and Nup120 arms to form a ring. In
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this model, the stem would be approximately parallel to the
nucleocytoplasmic axis. Two such rings were suggested to be linked by a
scaffold formed by other nups, including Nic96. Based on the present EM
structure, one such ring would be ~45 nm high, the entire assembly would
thus be higher than 90 nm, which is not compatible with the observed NPC
height of ~30 nm. However, we need to consider again the possibility that
the structure of the Nup84 complex within the NPC differs significantly

from the structure of the isolated particle.

Flexibility and Dynamics in the NPC

The flexibility of the heptameric complex is also potentially of physiological
relevance. Flexibility of the entire NPC was described (Akey, 1995; Beck et
al., 2004; Beck et al., 2007) and may reflect conformational changes that
accompany active transport. In particular, dilation of the NPC may be
required to allow passage of large cargoes, such as ribosomal subunits.
Molecular sliding of nups located near the central channel of the NPC was
suggested to form the basis for NPC dilation (Melcédk et al., 2007). It is
likely that conformational changes of these central nups would occur in

concert with conformational changes of the more peripheral nups, including
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the heptameric complex. A further requirement for flexibility may apply to
the vertebrate homologue of the heptameric subcomplex, which has
additional functions outside the NPC during mitosis (Lim et al., 2008), and
may adopt distinct conformations in different cellular contexts.

Interestingly, the length of the heptameric complex was
constant in the different conformations we observed (Figure 12). This
means that a ring of heptamers could maintain a fixed size based on head-to-
tail interactions, while the flexibility of the heptamer would buffer
conformational changes of other parts of the NPC that are anchored to the

heptamer ring (Figure 53).
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100 nm

Figure 53 Hypothetical model for conformational changes of the heptameric
complex within the NPC. Rings of eight heptamers, map 1 (orange) and map
2 (blue) are shown as transparent overlay. Remarkably, the head-to-tail
length is identical for both conformations of the heptamer. The main
difference is the movement of the stem hinge region. The flexibility of the
heptamer in this region may be involved in buffering conformational
changes of other parts of the NPC that are anchored here, while stabilizing

the overall structure of the NPC and its interaction with the pore membrane.
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Future studies addressing the interaction of the heptameric complex
with other nups and membranes
The structure of the heptameric complex raises further interesting questions:
If the subcomplex is the membrane-coating module of the NPC, how does it
interact with membranes? Do heptamers form higher-order oligomers within
the NPC? How does the heptamer interact with other nups? In a continuation
of the work presented here, I will attempt to answer some of these questions.

The (-propeller domain of Nupl33 was shown to interact
directly with small liposomes in a sucrose flotation assay (Drin et al., 2007).
I plan to test the binding of the entire heptameric complex to liposomes of
different sizes in a similar assay. The composition of the liposomes will be
designed to approximate the physiological lipid composition of the yeast
nuclear envelope (Zinser et al., 1991). If stable complexes between the
heptameric complex and liposomes can be obtained, I will investigate their
structure by cryo-EM. Liposomes are known to generate cryo-EM images
with good contrast.

In addition, I will attempt to obtain 2D crystals of the
heptameric complex at a planar phospholipid interface. This technique has
successfully been used in the structure determination of both integral

membrane proteins and soluble proteins. The setup of 2D crystallization
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trials is illustrated in Figure 54. A solution of the protein of interest is
placed in a well, and a phospholipid monolayer is created at the surface of
the aqueous buffer. If the protein interacts with the lipid head groups, it
accumulates at the monolayer surface. The local concentration becomes so
high that ordered arrays or 2D crystals form. The monolayer and bound
particles are transferred to a grid and imaged by EM. The binding of the
particle to the lipid head groups can be promoted by including positively
charged lipids, which electrostatically interact with negatively charged
protein surfaces (Darst et al., 1988), or by including chemically modified
lipids that specifically interact with the target protein (Bischler et al., 1998;
Darst et al., 1991). Initially, I will attempt to obtain 2D crystals of the
heptamer bound to phospholipids approximating the yeast nuclear envelope
composition, in order to observe potentially the physiological mode of
membrane interaction.

If 2D crystals can be obtained, the particle will be fixed in one
conformation, which will allow the determination of its structure at
considerably higher resolution. Even if the heptamer does not crystallize, the
high local concentration at the 2D interface should promote interactions

between heptamers, which may reveal the physiological binding mode by
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which heptamers form higher-order assemblies within the context of the

NPC.

phospholipid monolayer 2D crystal

|

_\}_(7’ ti_rne> - e 0y

particles in
aqueous solution

Figure 54 2D crystallization trial, schematic diagram. See text for details.

The heptamer also interacts with other nups within the NPC,
such as Nup157 and Nupl45N (Lutzmann et al., 2005). I will attempt to
reconstitute complexes between the native heptameric complex and
recombinant nups purified by other members of the Blobel lab, and to
determine the 3D structure of these complexes by single-particle EM as
before. The volume corresponding to the additional bound nup will be
identified by difference mapping.

Together, these future experiments should expand our
understanding of the structural role of the Nup84 complex in the complex of

the NPC.
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Interpretation of fluorescence anisotropy measurements of GFP-tagged
nups
We established experimental and computational techniques to allow us to
measure the fluorescence anisotropy of GFP-tagged nups in live yeast cells
by polarized fluorescence microscopy. GFP attached to ordered nup domains
was oriented with respect to the NPC, whereas GFP attached to FG domains
appeared randomly oriented. In two cases, we observed homo-FRET
between GFP tags.
For the interpretation of these results in terms of their biological
significance, a number of caveats need to be taken into account. When GFP
is attached to nups, different scenarios can be envisaged:
(i)  The GFP can be linked rigidly to the nup, so that GFP dynamics
reflect dynamics of the tagged nup domain.
a. A nup highly oriented with respect to the NPC would orient the
GFP dipole with respect to the NPC.
b. Tagging of a flexible nup domain, such as the FG domain,
would result in GFP dipoles that are not oriented with respect to

the NPC
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(i1))  The link between the GFP and the nup can be so flexible that GFP
dynamics do not reflect dynamics of the nup it is attached to. The
GFP will appear randomly oriented, and possibly flexible, although
the nup domain it is attached to is perfectly oriented.

(ii1))  Within the NPC, there may only be a limited number of “niches”
that can accommodate GFP tags without causing steric clashes
with nups. The orientation of the GFP tag may therefore reflect its
optimal positioning in a nearby niche, rather than properties of the
nup it is attached to.

We are planning to rule out the “niche” scenario using an
approach developed in the Mitchison lab (Vrabioiu and Mitchison, 2006,
2007): the N-terminus of GFP is formed by a short a-helix, which can be
fused to the C-terminal a-helix of a suitable target protein, to yield a
defined, rigid linkage between the target and the GFP tag. Furthermore, a
defined number of a-helix-favoring residues can be introduced, such that the
linking a-helix is extended. The extension will result in a rotation of the
GFP tag around the a-helical axis. The angle of this rotation can be
predicted from the known geometry of the a-helical fold. If the GFP dipole
rotates in space as predicted when the a-helix is extended, it can be assumed

that the GFP orientation depends on the nup and the rigid linker, rather than
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on a niche constraining the nup. Almost half of the yeast nups are predicted
to feature C-terminal a-helices (Devos et al., 2006) and are thus potential
targets for the helical extension approach.

The anisotropy values we obtained were lower than expected.
For unoriented GFP tags, a value of ~0.4 would be expected for static GFP,
and a value of ~0.32 for freely rotating GFP. Even homo-FRET would not
be sufficient to lower the values below ~0.2, based on my calculations.

One possible explanation is that some of our initial assumptions
do not apply. Not all nuclear envelopes are perfect spheres, and the
geometric heterogeneity should lead to lower average anisotropy values.
Furthermore, the volume imaged by polarized fluorescence microsopy is not
an infinitely thin central section through the nuclear envelope. The focal
depth of the microscope is such that light is collected from a thicker section
of the nuclear envelope, possibly corresponding to ~1/3 of the nuclear
diameter. Thus, fluorescence from NPCs in different orientations is averaged
for each value of vy, leading to a decrease in anisotropy. While this effect can
be ignored for larger spheres, such as cells (Axelrod, 1979), it may become
very significant for the comparatively small yeast nuclear envelope. It is
difficult to apply accurate corrections for this effect, since the exact spatial

intensity distribution of the focal field is not known.
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An alternative method for determining anisotropy values would
be the cuvette measurement of a yeast suspension. In that case, the
anisotropy would be averaged over all nuclei of the entire population, and
information about the spatial orientation of GFP dipoles with respect to the
NPC would be lost. However, an independently measured value for the
anisotropy of unoriented fluorophores would be obtained, and serve as a

control for the values obtained by microscopy.

Future studies addressing NPC architecture and dynamics in live yeast
cells
Two important questions about NPC dynamics remain to be answered: (i)
what is the gating mechanism — in particular, do FG domains form a static
meshwork that operates by hydrophobic exclusion, or a highly dynamic
polymer brush that operates by entropic exclusion? (ii) Does the observed
plasticity of NPC structure reflect conformational changes that accompany
active transport, such as NPC dilation to allow the passage of large cargo?
To answer the first question, we will confirm anisotropy values
for tagged GFP domains from independent microscopy and cuvette
measurements. We will also tag the free ends of FG domains with other

fluorophores, such as small biarsenical dyes that bind to short tetracysteine
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motifs in live cells, in order to confirm that the measured anisotropy values
reflect properties of the FG domains, rather than the fluorescent tag.

To answer the second question, we will optimize our transport
block protocols and then compare homo-FRET between GFP-nups before
and after transport block. Dilation during transport should be reflected in a
reduction in homo-FRET. We will also construct strains in which a second
species of nup is tagged with mCherry, which is as an efficient hetero-FRET
acceptor with GFP as a donor. This will enable us to quantify FRET
independent of anisotropy, which is a great advantage because anisotropy is
influenced by a number of factors, as discussed in Chapter 3.

A third application of the techniques we have developed will be
the determination of nup orientation within the NPC. In combination with
the a-helical extension approach described in the previous section, we
should be able to confidently map the orientation of nups containing C-
terminal a-helices. In cases where the crystal structure of the C-terminal nup
domain is known, this will allow us to predict the orientation of the entire
nup domain with respect to the NPC. In the case of the Nup84 complex, very
different models for the arrangement of the complex in the context of the
NPC have been proposed (Brohawn et al., 2008; Hsia et al., 2007). The

orientation in which the Nup84 is placed within the NPC differs by 90°
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between the two models. Our method should therefore be uniquely suited to

distinguish between the two models in vivo.

153



CHAPTER 5: Materials and Methods

Plasmids

All plasmids used are listed in Table 1. Oligonucleotide primers used in the
construction of plasmids and yeast strains were ordered from IDT DNA
Technologies. Each primer was assigned a number, and the oligonucleotide
sequences of all primers are listed inTable 2.

Plasmids were constructed using standard molecular cloning
techniques (Sambrook et al., 1989). Polymerase chain reactions (PCR) were
carried out using Kod HiFi DNA polymerase (VWR) following the
supplier’s protocol. Magnesium concentration, extension time and annealing
temperature were optimized for each PCR reaction, if necessary. Restriction
endonucleases and T4 DNA ligase and mung bean nuclease were purchased
from New England Biolabs.

Plasmid CP429 was a gift from Susan Wente (Vanderbilt
University).

Plasmid pMK484 was constructed by PCR-amplifying yeast-
optimized EGFP from pKTI127 with primers 1027 and 1030 to introduce

Pacl and Ascl restriction sites and a Gly-Gly-Ser-Gly-Ser-Gly-Gly spacer at
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the N-terminal end of EGFP. The PCR product was digested with Pacl and
Ascl and ligated into the backbone of pKTI127 from which the insert
encoding EGFP had been removed by Pacl/Ascl cleavage. Plasmid pMK485
was constructed by ligating the same insert into the backbone of pKT174,
from which the ECFP sequence had been removed by Pacl/Ascl cleavage.
Plasmid pMK489 was created by removing the ECFP sequence from
pKT174 by Pvull/Ascl cleavage, mung-bean nuclease digestion of the 5°-
single-stranded extension of the Ascl-cleaved end and religation of the blunt
ends. To create plasmid pMK490, the EGFP coding sequence from pKT127
was PCR-amplified using primers 1079 and 1080, which introduced Sacl
and Spel sites as well as Gly-Gly-Ser-Gly-Ser-Gly-Gly spacer at the C-
terminal end of GFP. This PCR product, as well as pMK489, were digested
with Sacl and Spel and ligated to yield pMK490.

Plasmid pMK468 was constructed by PCR-amplifying yeast-
optimized EGFP from pKT127 with primers 965 and 968 to introduce Xhol
and HindIII restriction sites, as well as a Kozak sequence upstream of the
open reading frame, and ligating it into the Sall/HindIII digested backbone

of pUG27.
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Plasmid Parent

number Description plasmid Source

CP429 GFP-NLS - Strawn et al.,
2004

pKT127 yEGFP-KanR — Sheff and
Thorn, 2004

pKT128 yEGFP-SpHIS5 — Sheff and
Thorn, 2004

pKT174 yECFP-CaURA3 — Sheff and
Thorn, 2004

pRS422  ADE2-containing plasmid — Christianson et
al., 1992

pSH47  Pgap,-cre - Gueldener et al.,
2002

pUG27  loxP- SpHIS5-loxP Gueldener et al.,
2002

pMK468 loxP- SpHIS5-loxP-Kozak-yEGFP pUG27 This study

pMK484 GGSGSGG-yEGFP-KanR pKT127  This study
pMK485 GGSGSGG-yEGFP-CaURA3 pKT174  This study
pMK489 CaURA3 pKT174  This study
pMK490 CaURA3-yEGFP-GGSGSGG pMK489  This study

Table 1 Plasmids used in the present work. Details about the construction of

these plasmids are provided in the text.
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# Oligonucleotide sequence (5’ to 3’ end)

920 GAAACGTACAGCACTTTAATTAATATAGACGTCTCTCTAg
gtgctggtttaattaacatg

921 TACTGATATATAGATATAAACAAAAATATACAATATTTA
AAAtcgatgaattcgagctcg

922 TCCACCTCTCTGGAAAAACAAATCAACTCGATAAAGAAA
ggtgctggtttaattaacatg

923 ATGTCAAATAAGTGTAGAATAGAGGGAATTTTTTCTTTTA
GAtcgatgaattcgagctcg

924 TTACATCAAAAAACGAAAACACTGGCATCATTGAGCATA
ggtgctggtttaattaacatg

925 GTACTTGTTATACGCACTATATAAACTTTCAGGGCGATTT
ACtcgatgaattcgagctcg

926 AAAGATGCTGCAATTGTAAAAAAATATAAAAATAAAACG
ggtgctggtttaattaacatg

927 ATCGATCTTTATACAATTCAGTCATTGATTTAAGTAACCT
GAtcgatgaattcgagctcg

931 gactaaggttggccatggaactgg

965 cctgAAGCitttgtacaattcatccataccatggg

968 cgtaCTCGAGtaaaaaatgtctaaaggtgaagaattattcactgg

972 GTAACAAAAGACATACCTTGTTGACCAATTGATCACgccact
agtggatctgatatcacc

973 CGAACCCGTTATTACTACCGCTGAAACCAAACAT ttgtacaatt
catccataccatggg

978 ATTCAGCTTCGAAGATTTCTTTTTTAAAACATTATTgccacta

gtggatctgatatcacc
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979

CGCTGGGGAATGCGCCACGGCTAACTCCAAACATT ttgtacaat
tcatccataccatggg

982 TAAATATATATATATTGATTACAGAACCATTATAACgccact
agtggatctgatatcacc

983 TCTCAGTGGGTACTTCATCCTTCAAAGAAGACAT ttgtacaatt
catccataccatggg

984 CAGAAAGATTGCAAGAATGAGGCACTCTAAAAGGatgtctaa
aggtgaagaattattcac

985 CCTTCAGAAAAGCAACACAATACCTAATTACATAACCGA

TATtcgatgaattcgagctcg

1027

ggTTAATTAAggtggttctggttctggtggt ATGTCTAAAGGTGAAGAA
TTATTCACTGG

1030

TATgecgcgccTTATTTGTACAATTCATCCATACCATGGG

1031

ACTATACCATCAACTATGAAACCAACACTGTAGAATACgg
tggttctggttctggtggtA

1032

CCAGTAAAGTTTATTATATATATGTAAAATTGTATTATAG
catcgatgaattcgagctcg

1041

TTGAGGGTAAATGGGAACCCGCTGGTGAAGTTCATCAGgg
tggttctggttctggtggtA

1042

TTTTCTTTTGAGATGTTTCATTTTAAATTCTTGATACTCTCcat
cgatgaattcgagctcg

1043

ATGAATTTAAGTGTATGTCAGTAATTACTGCCCAACAAggt
ggttctggttctggtggtA

1044

AAGTACCAATATATAATGTTATGTATACATATATTCTTATc
atcgatgaattcgagctcg

1046

CCTATTGATCAGAATGCCATACGTGAAG

1050

GAACTTCTAAGCGAGCATGATGACC
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1051

GGACTCAAGACAATGAACAAGGCCC

1084  atgtctaaaggtgaagaattattcactgg

1085  ttcttggccacccatatcacg

1086  gtagttgggcagatattaccaatgctc

1087  accaccagaaccagaaccac

1088  GGATATGATAACTTCAATACAACTCATCG

1089  ccagtgaataattcttcacctttagacat ATGGCTATCCTAATGTACTTCAC
TTGAATTG

1091  gtggttctggttctggtggt ATGAGTGAAAAAAAAGTACATCTTCGTT
TGCGG

1092 CTTGTGGTCATTGACTAGTCCATATCC

1164 TTGGTAGCAAACCTGCTACAGGATCC

1165  ccagtgaataattcttcacctttagacat ACTACCAAACAGGCCCGTTGAAC
C

1166  cccatggtatggatgaattgtacaaaAATAACACCTCTCAATCTACTAAT
GCTGGAG

1167 CATTTTGTATGCGTTCGTCAAACTGGC

Table 2 Oligonucleotide sequences of primers used in this study.

Alternating upper case and lower case letters are used to denote different

elements

of the primer, such as sites recognized by restriction

endonucleases, spacer sequences, sequences annealing to the PCR template.
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Yeast strains
All yeast strains used in the studies described in this thesis are listed in
(Table 3). Standard procedures of yeast genetics were followed for the
mating of haploid yeast strains, tetrad dissection of sporulated diploid strains
and general strain maintenance (Sherman, 2002). Changes of the yeast
genome sequence were achieved by the commonly used strategy of
transformation with PCR-generated linear fragments (Sheff and Thorn,
2004) unless specified otherwise. Yeast transformations with linear or
plasmid DNA followed the lithium acetate/polyethylene glycol protocol
(Gietz and Woods, 2002).

Nup84 complex was purified from budding yeast in which the
C-terminus of Nup85 was genomically tagged with a tandem affinity
purification (TAP) tag (Ghaemmaghami et al., 2003). C-terminally GFP-
tagged strains MKY 1262, MKY 1266 and MKY 1267 were derived from this
strain using standard methods for genomic tagging. A seven-amino-acid
spacer with the sequence Gly-Gly-Ser-Gly-Ser-Gly-Gly was included
between GFP and the nup in all constructs in order to minimize the
likelihood that the GFP-tag would disrupt physiological interactions between

nucleoporins. Linear DNA encoding the spacer, GFP and a kanamycin
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resistance marker that was flanked by sequences corresponding to the DNA
sequence of the desired genomic locus of integration in yeast was generated
by PCR, using pMK484 as a template and the following primer pairs: to
construct MKY 1262, primers 1031 and 1032; to construct MKY 1266,
primers 1043 and 1044; to construct MKY 1267, primers 1041 and 1042. To
confirm correct genomic integration of the tag, control PCRs were carried
out, using genomic DNA from the newly constructed strains as a template
and a primer that annealed to the GFP coding sequence (primer 931) in
combination with a primer that annealed to the coding sequence of the
targeted nup (primer 1046 for MKY 1262, primer 1050 for MKY 1266, and
primer 1051 for MKY 1267).

N-terminal tagging of Nup133 with EGFP was achieved in two
steps by adaptamer-based genomic tagging (Reid et al., 2002). Pieces of
genomic DNA sequences corresponding to the regions flanking the desired
insertion site were amplified from yeast genomic DNA using primers 1088
and 1089 (upstream fragment) and primers 1091 and 1092 (downstream
fragment). The PCR introduced a sequence corresponding to the 5’ end of
the GFP coding sequence into the upstream fragment, and a sequence
corresponding to the spacer into the downstream fragment. A fragment

corresponding to the EGFP coding sequence followed by the first ~2/3 of the
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Candida albicans URA3 coding sequence was created using primers 1084
and 1085 with pMK485 as a template. This PCR product was spliced to the
upstream fragment in a PCR reaction with primers 1085 and 1088. A
fragment corresponding the last ~2/3 of the C. albicans URA3 coding
sequence followed by the EGFP coding sequence was created using primers
1086 and 1087 with pMK490 as a template. This PCR product was spliced
to the downstream fragment in a PCR reaction with primers 1086 and 1092.
The two different spliced fragments were pooled and transformed into the
Nup85-TAP-HIS3 strain to yield MKY1268. In this strain, the GFP-URA3
cassette separates the Nup133 promoter from the GFP-GGSGSGG-Nup133
coding sequence and thus prevents expression of the GFP-tagged nup.
MKY 1268 was therefore plated on medium containing 5-fluoro-orotic acid
(5-FOA, purchased from American Bioanalytical), which selected for cells
in which the URA3 marker had been eliminated by recombination between
the two GFP sequences. The resulting strain was named MKY240.

Strains for fluorescence anisotropy medium were constructed in
a W303 background since this strain is known to sporulated more efficiently
than BY4743. However, the ade2— background of W303 causes the
accumulation of a highly fluorescent metabolite. I therefore constructed a

diploid W303 strain in which both copies of ade2— were repaired by
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transformation with the ADE2 wild type sequence, obtained as the BglII
fragment from plasmid pRS422 (Christianson et al., 1992). This strain,
referred to as MKY363, was the parent for the GFP-tagged strains used for
polarized microscopy. C-terminal diploid GFP fusion strains of Nspl
(MKY1210), Nup49 (MKY1211), Nup57 (MKY1212) and Nic96
(MKY1213) were obtained by transformation with a PCR product generated
from template pKT127 with the following primer pairs, respectively:
922+923, 9244925, 926+927, 920+921. A diploid C-terminal GFP fusion
strain of Nupl (MKY1221), was obtained by transformation with a PCR
product generated from template pKT128 with primers 984+985.

N-terminal fusions of Nup57, Nupll6 and Nupl59 were
obtained in a two-step procedure. MKY363 was transformed with PCR
fragments generated from template plasmid pMK468 with the following
respective primer pairs: 972+973, 9784979, 982+983. The SpHis5 marker
was removed by cre-lox recombination (Gueldener et al., 2002) to obtain the
final strains MKY216, MKY219 and MKY221.

The internal GFP fusion of Nupl116 was created by adaptamer-
based genomic tagging (see above) using the following primer pairs:
1164+1165 to generate the upstream genomic flanking sequence,

1166+1167 to generate the downstream genomic flanking sequence.
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Corresponding haploid strains were obtained by sporulation and

tetrad dissection of diploids.

Strain
Strain background /
number  Description Parent strain Source
— W303 diploid MATa/a leu2- ATTC
3,112 ade2-1
his3-11,15 ura3-
I trpl-1 canl-
100
— BY4741 MATa his3A1 ATTC
leu2 A0 met15A0
ura3A0
— Nup85-TAP-HIS3 BY4741 Ghaemmag
hami et al.,
2003
LDY551  mtrl-1 (ran-GEF ts mutant) W303 Booth et al.,
1999
MKY 1262 Nupl133-GFP-KanR Nup85-TAP-HIS3 This study
MKY 1266 Sehl-GFP-KanR Nup85-TAP-HIS3 This study
MKY 1267 Secl13-GFP-KanR Nup85-TAP-HIS3 This study
MKY1268 GFP-URA3-GFP-Nupl33 Nup85-TAP-HIS3 This study
MKY240 GFP-Nupl33 Nup85-TAP-HIS3 This study
MKY363 ADE2/ADE2 w303 This study
MKY1210 Nspl-GFP-KanR diploid MKY363 This study
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MKY1211 Nup49-GFP-KanR diploid @ MKY363 This study
MKY1212 Nup57-GFP-KanR diploid @ MKY363 This study
MKY453 Nup57-GFP-KanR haploid MKY1212 This study
MKY1213 Nic96-GFP-KanR diploid MKY363 This study
MKY454 Nic96-GFP-KanR haploid MKY1213 This study
MKY1221 Nupl-GFP- SpHISS diploid MKY363 This study
MKY216 GFP-Nup57 diploid MKY363 This study
MKY455 GFP-Nup57 haploid MKY216 This study
MKY219 GFP-Nupl16 diploid MKY363 This study
MKY457 GFP-Nup116 haploid MKY219 This study
MKY?221 GFP-Nup159 diploid MKY363 This study
MKY459 GFP-Nup159 haploid MKY?221 This study
MKY?227 Nupll6 with GFP tag MKY363 This study

between FG domain and

structured domain, diploid
MKY469 Nupll6 with GFP tag MKY227 This study

between FG domain and
structured domain, diploid

Table 3 Yeast strains used in the present work. Details about the

construction of these strains are provided in the text.
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Nup84 complex purification

Yeast cells were grown in YPD medium at 30°C, harvested in mid-
exponential phase (OD600 = 0.4-0.6), washed in water and frozen in liquid
nitrogen. Frozen cell pellets were ground cryogenically in a Retsch MM301
bead mill, following the method by Cristea and colleagues (Cristea et al.,
2005). 4.5 1 of cell culture yielded ~3 g of cell powder. 1.5 g cell powder
was thawed in 13.5 ml lysis buffer (500 mM NaCl, 110 mM KOAc, 2 mM
MgCl,, 20 mM HEPES pH 7.5,0.05% CHAPS, 1 mM DTT, 1 mM PMSF, 5
uM pepstatin A and 1/100 volume of protease inhibitor cocktail, Sigma
catalogue number P8340), homogenized in a Dounce homogenizer (40
strokes, tight pestle) and the lysate was clarified by centrifugation for 15
minutes at 3,200 g. Clarified lysate was incubated for 1 hour at 4°C with 10°
magnetic beads (Dynal) that were freshly coated with rabbit IgG (MP
Biomedicals). A twofold dilution series of lysis buffer into elution buffer
(200 mM NaCl, 110 mM KOAc, 2 mM MgCl,, 20 mM HEPES pH 7.5,
0.05% CHAPS, 1 mM DTT) was prepared, and the beads were washed with
five 1ml aliquots of sequentially diluted buffer to obtain a stepwise reduction
in NaCl concentration. The beads were then resuspended in 500 pl of elution

buffer, 100 units of AcTEV protease (Invitrogen) were added, and the
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sample was incubated for 1 hour at 4°C. The eluate was concentrated tenfold
using Amicon Ultra filters (Millipore, 50 kDa molecular weight cutoff) and
aggregates were removed from the concentrated sample by centrifugation for
15 minutes at 18,000 g. The soluble fraction was then subjected to size-
exclusion chromatography in elution buffer on a Superose-6 column (2.4 ml
column volume). For analytical purposes, eluted fractions were analyzed by
SDS-PAGE, stained with Coomassie, and each individual protein band was
identified by mass spectrometry.

During optimization of the purification protocol, recovery and
loss of heptameric complex at different steps was estimated by quantifying
signals from Western blotting using an antibody against the calmodulin-
binding peptide moiety of the TAP-tag (Open Biosystems). The optimized
procedure recovered ~20% of total cellular heptameric complex. ~10% was
lost upon lysate clarification, < 2% was lost during bead washing, < 1% was
lost due to incomplete cleavage with TEV protease, ~5% was lost during
eluate concentration, < 1% was lost during removal of insoluble complex
before size exclusion chromatography. The remaining loss occurred during
incubation of the clarified lysate with IgG-dynabeads. We found that the

amount of beads was limiting for subcomplex recovery at this step.
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Electron microscopy

For EM, 3 ul of the 150 ul fraction containing heptameric complex (elution
volume 1.1-1.25 ml, see Fig. 1a) was directly applied to a glow-discharged
carbon-coated copper grid and stained with three drops of 2% uranyl
formate. Electron micrographs of negatively stained samples were collected
with a defocus of —1.0 gm and doses not exceeding 10 e /A2 per exposure on
a JEOL2100 field emission gun transmission electron microscope at 200 kV
and recorded with a CCD camera at a calibrated magnification of 40,641,
corresponding to 5.91 A/pixel. Micrograph pairs were taken at tilt angles of
50° and 0° in a semi-automated manner using SerialEM (Mastronarde,
2005). All images for a given construct were taken from a single grid over

several days.

EM Image processing and analysis, 3D reconstruction

Low-pass filtering of the micrographs at (15 A)™, the spatial frequency
corresponding to the first node of the contrast transfer function, was applied
instead of contrast transfer function-correction. Pairs of tilted particles were
selected interactively in the program WEB (Frank et al., 1996). Reference-
free alignment and classification of untilted particles was carried out using

the program EMAN (Ludtke et al., 1999). Angles between particle segments
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in 90 class averages obtained from k-means classification in EMAN were
measured in Image] (Abramoff et al., 2004) as accurately as possible.
Principal component analysis was carried out in Matlab (The Mathworks).
All remaining steps were implemented in SPIDER, based on procedures
described in the SPIDER documentation (Frank et al., 1996). The global set
of aligned particles was subjected to correspondence analysis and
hierarchical ascendant classification to group particles. For two well-defined
groups, initial 3D reconstructions were obtained from tilted particle images
using random conical tilt reconstruction (Radermacher et al., 1986). These
initial maps were used as references for projection matching. Reference
projections were created in 5° increments for tilt angles from 40° to 55°,
resulting in 205 projections per initial map. Each of the 9,028 tilted particle
images was matched to the projection from either of the two references that
resulted in the highest cross-correlation coefficient. Final maps were
obtained by the simultaneous iterative refinement technique to minimize
missing-cone effects.

To localize GFP densities for tagged complexes, images of
untilted GFP-tagged and untagged particles were pooled and subsequently
aligned and classified as before. Well-defined classes were selected and

separate class averages for tagged and untagged particles from the same
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class were calculated. Significance of differences between the two class
averages was calculated using the method by Wagenknecht and colleagues
(Wagenknecht et al., 1988); pixels with intensity values below the average
value in both tagged and untagged class average images were not included in
the significance map since they were localized outside the particle and

therefore reflected differences in stain levels.

Docking of crystal structures into EM maps

All figures of crystal structures and EM maps were prepared using Chimera
(Pettersen et al., 2004). Structures with the PDB codes 3F3F (Nup85-Sehl),
I1XKS (Nup133) and 3BGO (Nup145C-Sec13) were docked independently as
rigid bodies into particle maps 1 and 2 by exhaustive cross-correlation based
search in Situs (Chacon and Wriggers, 2002; Wriggers et al., 1999). From
the list of likely positions, the highest-scoring position that placed the crystal
structure in the correct segment of the particle (as assigned in Fig. 7a) was
chosen. PDB code 3CQG (Nupl07-Nup133) was docked locally based on
cross-correlation in Chimera, since docking in Situs did not place the crystal

structure in the correct segment of the EM map.
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Fluorescence Polarization Microscopy of Yeast Cells

Yeast cells were grown at 30°C in synthetic medium lacking riboflavin and
folic acid (Sheff and Thorn, 2004), which will be referred to as “low-
fluorescence medium”. During the exponential growth phase (OD600 = 0.3-
0.6), 1 ml of cell suspension was withdrawn and cells were pelleted by
centrifugation for 5 seconds at 10,000 g. The supernatant was removed and
the cell pellet was resuspended in 10 pl of low-fluorescence medium. 1 pl of
the concentrated cell suspension was placed on a glass slide and the cells
were immobilized by spreading the suspension with a glass cover slip. Cells
mounted in this way could be imaged for up to 20 minutes. We compared
this simple mounting protocol to the following, more elaborate protocol
kindly provided by Dr. Frank Neumann (The Rockefeller University): A flat
agarose pad was created in a depression on a glass slide by applying a heated
solution of 1.4% agarose in low-fluorescence medium to the depression and
removing excess agarose by sliding a second glass slide across the
depression. Once the pad solidified, 2 pl of concentrated yeast cell
suspension was applied to the pad and spread with a cover slip. We did not
find any differences in the results obtained with these two mounting
techniques when we tested both in a variety of experiments, and therefore

decided to use the simpler mounting protocol, not involving the agarose pad.
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For energy-depletion experiments, 1 ml of yeast cell suspension
was withdrawn from an exponentially growing culture and pelleted as
described above. The supernatant was removed and the cells were
resuspended in 1 ml of energy-depletion medium (low-fluorescence medium
lacking glucose and containing 50 mM sodium azide and 50 mM 2-
deoxyglucose). For end-point imaging, the cells were incubated at 30°C for
20 minutes and then pelleted and mounted as before. For time-course
imaging, the cells were pelleted immediately after resuspension in energy-
depletion medium and mounted as before, and images were taken over 20
minutes.

To monitor nuclear import activity, yeast strains transformed
with plasmid CP429 (Strawn et al., 2004) were grown in low-fluorescence
medium lacking uracil and methionine. Lack of uracil selected for cells
maintaining the plasmid, which carries the URA3 gene required for uracil
prototrophy in a ura3— genetic background. Lack of methionine induced
expression of the GFP-NLS reporter protein from the methionine-repressible
MET?25 promoter.

An Olympus IX-70 wide-field microscope was set up for GFP
fluorescence polarization microscopy as follows: light from a Xenon lamp

was passed through a polarizer and the following filter set: excitation filter,
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Chroma HQ 470/40 nm bandpass; dichroic mirror, 495 nm long-pass;
emission filter, Chroma HQ 525/50 nm band-pass. A 60X oil objective with
a numerical aperture of 1.45 was used. An Optosplit III Image Splitter
(Cairn Research) split the emitted light based on polarization parallel versus
perpendicular to the polarization direction of the exciting light, and these
two channels were recorded as a split image with an ORCA-ER cooled CCD
camera (Hamamatsu). Image acquisition was controlled by Metamorph
software (Molecular Devices).

During each microscopy session, control images were taken of
slides prepared with media lacking cells to correct for camera background
and background fluorescence of the medium, and of a fluorescein solution
assumed to have no fluorescence anisotropy to calibrate the relative intensity

of the images that were split on the basis of polarization.

Quantitative analysis of fluorescence anisotropy

During each microscopy session, control images of medium alone, and of a
fluorescein solution were taken. The medium-only images were used to
calculate the fluorescence and camera background for each channel, and to
substract it from the experimental images. The fluorescein solution was

assumed to have an anisotropy of 0, since fluorescein is a small molecule
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with a high rotational diffusion constant. Fluorescein images could thus be
used to correct for differential transmission of light intensities in the parallel
and perpendicular channels.

Pairs of images of the same cell were individually aligned
based on cross-correlation with sub-pixel accuracy, and the nuclear
envelopes were centered within the image by a program we developed for
this purpose in SPIDER.

Centering of nuclear envelopes was achieved as follows: a
circular mask with a radius of 24 pixels was applied in order to exclude
adjacent cells, pixels with intensities less than one standard deviation above
the image average were set to O intensity, and the center of gravity
calculated from the remaining pixels was shifted to the center of the image.
The remainder of the analysis was carried out using MATLAB programs we
developed. Anisotropy was calculated pixel-by-pixel for the aligned pairs of
images corresponding to the parallel and perpendicular fluorescence
intensities. Only the 10% of pixels with the brightest intensity values in the
parallel channel were further analyzed, since these pixels corresponded to
the nuclear envelope region (Figure 41).

Analysis of sector anisotropy was carried out in MATLAB,

using a sector mask as shown in Figure 42.
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