Isolation of the Yeast Nuclear Pore Complex

Michael P. Rout and Giinter Blobel

Laboratory of Cell Biology, Howard Hughes Medical Institute, The Rockefeller University, New York, New York 10021

Abstract. Nuclear pore complexes (NPCs) have been
isolated from the yeast Saccharomyces. Negative stain
electron microscopy of the isolated NPCs and subse-
quent image reconstruction revealed the octagonal
symmetry and many of the ultrastructural features
characteristic of vertebrate NPCs. The overall dimen-
sions of the yeast NPC, both in its isolated form as

well as in situ, are smaller than its vertebrate counter-
part. However, the diameter of the central structures
are similar. The isolated yeast NPC has a sedimenta-
tion coefficient of ~310 S and an M, of ~66 MD. It
retains all but one of the eight known NPC proteins.
In addition it contains as many as 80 uncharacterized
proteins that are candidate NPC proteins.

apertures in the nuclear envelope where the inner

and outer nuclear membranes are joined, and medi-
ate nucleocytoplasmic exchanges. Their ultrastructure has
been well studied, and mapped to a resolution of better than
10 nm in Xenopus. They are cylindrical supramolecular as-
semblies displaying octagonal symmetry, with their eightfold
axes perpendicular to the plane of the nuclear envelope (for
review see Akey, 1992). NPCs are found in all eukaryotic
cells and their general morphology appears to be highly con-
served between evolutionary divergent phyla. The role of
NPCs in nucleocytoplasmic transport has been studied in-
tensively in recent years. The presence of the NPC limits the
functional size of passive diffusion across the nuclear enve-
lope to ~9-10 nm. However, proteins and RNAs larger than
this can be rapidly transported through the center of each
NPC by an active, vectorial, signal-dependent process (for
reviews see Franke, 1974; Maul, 1977, Gerace and Burke,
1988; Miller et al., 1991; Forbes, 1992).

The detailed ultrastructure of vertebrate NPCs has been
well documented, particularly in isolated nuclear envelope
and NPC —lamina fractions, which are free of material that
normally obscures the NPC. Ultrastructural analysis of nu-
clear envelopes from Xenopus oocytes has shown that the
NPC is composed of several distinct structural regions. The
core of the NPC is built from three coaxial rings, each
around 120 nm in diameter; the outer and inner rings are
coplanar with the outer and inner nuclear membranes,
respectively, and have an eightfold symmetry similar to that
of the central ring, which is made of eight radial spokes.
Each spoke is divided perpendicular to its axis into three do-

NUCLEAR pore complexes (NPCs)! occur at circular
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mains. Residing centrally within and supported by this
spoke-ring complex is the plug, believed to be a coaxial tube
(termed the “transporter”) through which macromolecules
are actively translocated. Pairs of radial arms interconnect
adjacent spokes within the lumen of the nuclear envelope, to
form a continuous ring coplanar with and surrounding the
central spoke ring (Unwin and Milligan, 1982; Akey, 1989,
1990; Hinshaw et al., 1992; Akey and Radermacher, 1993).
Eight perpendicular filaments extend from both the nuclear
and cytoplasmic surfaces. The nuclear filaments are linked
by a distal ring to form the so-called “baskets” (Ris, 1990,
1991; Jarnik and Aebi, 1991; Goldberg and Allen, 1992).

Little is known about the composition of the NPC. The
biochemical characterization of NPC proteins has used ma-
terial derived primarily from rat liver nuclei. Procedures
producing partially enriched fractions of NPCs from these
nuclei have been described (Dwyer and Blobel, 1976),
though intact NPCs have not been separated from the at-
tached lamina. Generally, proteins associated with the NPC
have been identified in vertebrates either immunochemically
or by subfractionation of nuclear envelopes (Gerace et al.,
1982; Davis and Blobel, 1986, 1987; Snow et al., 1987; Park
et al., 1987; Dabauvalle et al., 1988; Wozniak et al., 1989;
Radu et al., 1993). Only four such mammalian proteins have
been molecularly cloned and sequenced to date (Wozniak et
al., 1989; Starr et al., 1990; Cordes et al., 1991; Carmo-
Fonesca et al., 1991; Sukegawa and Blobel, 1993; Radu et
al., 1993). A number of monoclonal antibodies that identify
members of a family of NPC proteins in mammals also
cross-react with homologous proteins in Xenopus and the
yeast Saccharomyces (Davis and Blobel, 1986, 1987, Snow
et al., 1987; Park et al., 1987; Dabauvalle et al., 1988;
Featherstone et al., 1988; Aris and Blobel, 1989; Davis and
Fink, 1990; Wente et al., 1992; Loeb et al., 1993). This
cross-reactivity has been used to molecularly clone and se-
quence five yeast NPC proteins (Davis and Fink, 1990;
Wente et al., 1992; Loeb et al., 1993), with a sixth having
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been identified independently (Nehrbass et al., 1990). Two
of these proteins were subsequently identified using genetic
screens (Wimmer et al., 1992).

Though little is known about the detailed structure of yeast
NPCs, they have similar functions to those of higher eukary-
otes (Forbes, 1992). Biochemical approaches of the type
successfully used in the isolation of vertebrate NPC proteins
have proven more difficult in yeast. However, the production
of large quantities of yeast nuclei is relatively straightfor-
ward and some progress in their subfractionation has been
reported (Rozijn and Tonino, 1964; Kilmartin and Fogg,
1982; Hurt et al., 1988; Aris and Blobel, 1988, 1989; Allen
and Douglas, 1989; Cardenas et al., 1990; Rout and Kilmar-
tin, 1990). Here we describe a large scale, high yield bio-
chemical procedure producing a highly enriched NPC frac-
tion, that has revealed over 80 distinct candidate NPC
proteins.

Materials and Methods

Bugffers and Solutions

NPC buffer: 10 mM bisTris-Cl, pH 6.50, 0.1 mM MgClz, 1.0% sodium
taurodeoxycholate (Sigma Chem. Co., St. Louis, MO), 10 ug/ml RNase
A (Sigma Chem. Co.), 0.5 mM DTT.

bt buffer: 10 mM bisTris-Cl, pH 6.50, 0.1 mM MgCl,.

bt-DMSO buffer: 10 mM bisTris-Cl, pH 6.50, 0.1 mM MgCl,, 20%
DMSO.

Solution P: 870 mg PMSF plus 1.5 mg pepstatin A, dissolved in 5 ml dry
absolute ethanol.

Preparation of a Highly Enriched Nuclear Pore
Complex Fraction

All solutions contained a 1:1,000 dilution of solution P unless otherwise
stated. The yeast strain Saccharomyces uvarum (NCYC 74, ATCC 9080),
considered a strain of S. cerevisiae (Mortimer and Johnston, 1986), was
used due to the ease with which it can be spheroplasted (Eddy and William-
son, 1957). Crude and enriched nuclear fractions were prepared by using
the method described in Rout and Kilmartin (1990, 1993) (modified from
Rozijn and Tonino, 1964), except that Triton X-100 was omitted from the
spheroplast lysis solution. Nuclear lysis and the separation of the lysate over
a stepped sucrose gradient were exactly as described, with the crude NPC
fraction being recovered from the $§/1.75 M interface (Rout and Kilmartin,
1990, 1993).

The enriched NPC fraction was produced as follows. The protein con-
centration of the S/1.75 crude NPC fraction (above) was determined by using
the Bradford protein assay (see below). Five volumes of this fraction were
then diluted by the addition of one volume of ice cold NPC buffer, a 1:200
dilution of solution P, and a final concentration of 0.045 mg of heparin (so-
dium salt; Sigma Chem. Co.) per 1.0 mg of $/1.75 M fraction protein. The
mixture was vortexed thoroughly, incubated for 15 min at 10°C, and cen-
trifuged to remove the froth (700 g, 4 min, 4°C) before being loaded onto
precooled SW55 tubes (Beckman Instrs., Fullerton, CA) (1.2 ml per tube),
each containing 0.5 ml of 2.50 M sucrose-bt (refractive index 1.4533), 1.5
ml of 1.85 M sucrose-bt + 0.2% Triton X-100 (refractive index 1.4225),
and 1.5 ml of 1.45 M sucrose-bt + 0.2% Triton X-100 (refractive index
1.4032). It should be noted that making all the sucrose solutions discussed
in this method by their refractive index (measured at room temperature) was
important for the success of the procedure. The sample layer was then over-
layered with 0.7 ml of bt-DMSO and the tubes were centrifuged at 237,000
g for 5 h at 4°C. The tubes were unloaded from the top. The first 1.5 ml
was termed the S fraction and the second 1.5 ml the §/1.45 fraction, as they
contained the supernatant and the supernatant/1.45 M interface, respec-
tively. The enriched NPC fraction was recovered in 1.5 ml from the 1.45 M/
1.85 M interface, called the 1.45/1.85 fraction. The final 0.8 ml contained
the 1.85 M/2.50 M interface (installed for diagnostic purposes) and was
termed the 1.85/2.5 fraction.

To produce the highly enriched NPC fraction, the pooled 1.45/1.85 en-
riched NPC fraction was diluted with an equal volume of bt-DMSO buffer
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and a 1:500 dilution of solution P. 4-ml aliquots of this were each over-
layered onto a Beckman SW28 centrifuge tube containing a 5-ml cushion
of “1.75 M” sucrose bt-DMSO + 0.01% Tween-20 (refractive index 1.4495)
and 29 ml of a continuous linear gradient of “1.20 M” sucrose (refractive
index 1.4220) to “1.00 M” sucrose (refractive index 1.4120) in bt-DMSO
+ 001% Tween-20. All the tubes were then centrifuged in a Beckman SW28
rotor at 104,000 g5, for 24 h at 4°C. After centrifugation a faint white band
was visible around the “1.20 M"/“1.75 M” interface in each tube; its position
was marked. Each gradient was unloaded from the top; the first 9 ml was
termed fraction #1 and the second 9 ml, fraction #2. The third 9 ml, fraction
#3, was collected to within ~5 mm above the marked band. The fourth frac-
tion was the 10 ml containing the marked band and the “1.20 M”/“1.75 M”
interface. It was this fraction #4 that contained the NPCs and was referred
to as the highly enriched NPC fraction. Fraction #5 was the final 1 ml col-
lected after vortexing to resuspend any pellet. This final gradient, though
reproducible, also had the greatest tendency for variability and so great care
was needed during its preparation and running.

For ion exchange chromatography and HPLC analysis, the proteins in
fraction #4 or in the enriched nuclei were precipitated for 1 h with methanol
(90% final concentration) at —20°C and resuspended in 10 mM Na-MES,
pH 6.5, 100 mM DTT, 1.0% SDS. They were then diluted with 9 vol of 20
mM Na-MES, pH 6.5, 7 M urea, 1.0% Triton X-100 and batch incubated
for 1 h at room temperature with S-sepharose resin (Pharmacia, Uppsala,
Sweden) preequilibrated with column buffer 20 mM Na-MES, pH 6.5, 7 M
urea, 1.0% Triton X-100, 0.1% SDS, 1 mM DTT). Unbound proteins were
washed out of the resin with column buffer. Bound proteins were eluted with
1 M NaCl in column buffer. The two fractions were further separated by
reverse phase HPLC, essentially as described (Pain et al., 1990; Wozniak,
R., personal communication).

Gel Electrophoresis and Immunoblotting

Protein samples for SDS-PAGE (Laemmli, 1970) were either diluted
directly with 0.5 vol of 3 X sample buffer, or were concentrated by ultracen-
trifugation or by precipitation for 1 h with methanol (90% final concentra-
tion) at —20°C or TCA at 0°C, before resuspension in sample buffer. The
samples were then incubated at 90°C for 10 min. All the gels presented here
contained a 5-16% acrylamide gradient, and high and low molecular mass
standards were used (BioRad Labs., Hercules, CA). Proteins were visual-
ized after electrophoresis by staining with Coomassie brilliant blue, by sil-
ver staining, or by a combination of the two.

Immunoblots were prepared essentially as described in Towbin et al.
(1979). They were then stained using the appropriate primary antibody as
described in Wente et al. (1992). The only exception was with the monoclo-
nal antibody MAbB306, in which the Tween-20 was omitted from the blot
buffer for all the incubations and washes. The blots were either exposed at
—=70°C on preflashed medical X-ray film or, in the case of quantitative im-
munoblotting for estimations of isolated NPC yields, the immunoblots ob-
tained with MAb350 and MAb192 were exposed on a phosphor screen and
the signals from NUP63 and NUP49 quantified using a Phosphorlmager
with ImageQuant software on an IBM PC (Molecular Dynamics, Inc., Sun-
nyvale, CA). To reduce variations and nonlinearities due to various immu-
noblotting artifacts (for review see Harlow and Lane, 1988), the signal in-
tensities were then combined to obtain an overall yield.

Electron Microscopy and Image Processing

For negative stain electron microscopy, 15 ul aliquots of the sample were
diluted with 15 ul of bt-DMSO buffer and centrifuged onto the surface of
a glow discharged carbon-formvar 300 mesh copper grid at 1,800 g for 1 h
at4°C. The grid was then washed with bt-DMSO, and fixed with 3.7% form-
aldehyde, 0.5% glutaraldehyde in bt-DMSO for 20 min at 25°C. After wash-
ing with bt-DMSO, the grids were negatively stained with either 4% uranyl
acetate or 2% potassium phosphotungstate (pH 7). Magnifications were
calibrated using uniform latex microspheres of defined diameter (Duke
Scientific Corp., Palo Alto, CA). Pairs of micrographs taken at 0° and 60°
were made with a manuaily adjusted goniometer stage. Estimates of the
thickness of NPCs (x) were made from measuring the NPC diameter paral-
lel to the direction of tilt at 0° (D1) and at 60° (D2) from the formula:

1.4{D1 = [D2 cos 60°]}
x= sin 60°

The adjustment factor of 1.4 is an approximate compensation for z-axis
compression in negative stain (Hinshaw et al., 1992).

For the image analysis, seven micrographs of fields of uranyl acetate
negatively stained isolated yeast NPCs were scanned with a modified Joyce-
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Loebl flatbed densitometer. The resulting image arrays were compressed a
factor of three for display and particle selection. In all, 75 NPCs were cho-
sen for further analysis based on the preservation of particle circularity and
the appearance of subunit morphology. As the particle symmetry was not
known a priori, the analyses were conducted as follows. Each particle was
used as a reference in two complete alignment passes which encompassed
rotational, translational, and flip/flop analyses using SPIDER (Frank et al.,
1981; Akey, 1989). An average was then computed with and without en-
forced eightfold symmetry for each reference particle. Overall, eight parti-
cles were discarded as not aligning consistently. Therefore 67 particles were
used for each average.

Samples for thin section electron microscopy were fixed in 1.25%
glutaraldehyde, 0.2 % tannic acid for 30 min at 25°C in their original buffer
(usually sucrose-bt), and then for 16 h at 4°C in the same fixative buffered
with 0.05 M potassium phosphate pH 7.0. After postfixation in 1% osmium
tetroxide the samples were dehydrated with graded ethanol and embedded
in Epon. Sections were stained with uranyl acetate and lead citrate.
Magnifications were controlled for by measurements from structures of
known dimensions (microtubules and SPBs).

All samples were viewed with a JEOL100CX electron microscope at 80
kV and photographed with Kodak electron microscope film.

Estimation of the Sedimentation Coefficient, Diffusion
Coefficient, and Molecular Mass of the NPC

Enriched and highly enriched NPC fractions suitable for the following
measurements was made as normal, except that the Triton X-100 and the
Tween-20 added to the gradients (above) was replaced with octyl glucoside
(Calbiochem Corp., La Jolla, CA} at the same concentrations. Under those
conditions octyl glucoside would not form micelles, which might otherwise
have interfered with the various measurements below. Yeast ribosomes pre-
pared from yeast spheroplast homogenate (gift of C. Strambio de Castillia)
were measured in parallel with the NPCs.

The sedimentation coefficients of both the NPCs and ribosomes were de-
termined essentially as described by Griffith (1986). The enriched NPC
fraction was dialyzed overnight at 4°C into bt-DMSQ, 0.1% Triton X-100,
1:1,000 solution P, and both this and the ribosome standard were separately
overlayered onto Beckman SW41 centrifuge tubes containing 11 ml linear
gradients of 10-40% sucrose, 10 mM bisTris-Cl, pH 6.50, 0.3 mM MgCl,,
0.5 mM K-acetate, 0.01% octyl glucoside, 1:1,000 solution P, and then cen-
trifuged at 202,000 gqv and 5°C for varying times. The gradients were un-
loaded manually from the top and collected as 15 equal fractions of 733
pl. The linearity of all the gradients (an important assumption for the valid-
ity of the calculations) was confirmed after centrifugation by refractometric
measurement of the sucrose concentrations of the collected fractions. The
protein composition of the fractions was analyzed by SDS-PAGE and laser
densitometry to determine quantitatively the peak fraction in each case.
Negative stain EM was also performed on the fractions from one of the NPC
gradients. Knowing the time and speed of the run and the sucrose concentra-
tion of the peak fraction, the time integral tables of both McEwen (1967)
and Griffith (1986) could be used to calculate s-values.

The diffusion coefficients of the NPCs and ribosomes were measured
using a Biotage dp801 molecular size detector, with software supplied by
the manufacturers run on a Texas Instruments Travelmate 2000 PC. Both
the NPC sample and ribosome standards were usually diluted 1:50 in 10
mM bisTris-Cl, pH 6.50, 0.1 mM MgCl;, 0.35 mM KCI.

The density of NPCs was estimated by density sedimentation of the
highly enriched NPC fraction and the ribosomes over linear 0.6 ml gradients
of 1.75-2.50 M sucrose-bt, 0.01% octyl glucoside, 1:1,000 solution P at
237,000 gq for 27 h at 20°C in a Beckman SW55Ti rotor. The resultant
fractions were analyzed by refractometry and SDS-PAGE.

The molecular masses (M) were calculated from the sedimentation (s)
and diffusion (D) coefficients using the formula;

SRT
M =51 =

(R = gas constant, 8.314 % 10° J kmol™! K™!; 7 = temperature, 293 K;
p = density of water (293 K), 1.000 g cm™>. The values used for the partial
specific volumes (¥) of NPCs and ribosomes are taken as the inverse
of their densities, which are given with explanations in the Results; Eason,
1984; Cantor and Schimmel, 1980). Error values for s and D are given as
one standard deviation from the mean. An “error interval” of My t0 My,
within which the best estimate value of M falls, was generated by finding
the extreme values for M calculated using values for s and D plus or minus
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(as appropriate) the standard errors of their means, and the maximum and
minimum possible values for the density.

Protein Assays

Protein concentrations were measured by the modified Bradford assay
(Bradford, 1976) of either BioRad or of Pierce (Rockford, IL) (“Coomassie
Plus”), using BSA as a standard. The relative amount of protein in various
gradient fractions was measured from Coomassie blue-stained SDS poly-
acrylamide gels using a Pharmacia LKB Biotechnology Inc. (Piscataway,
NJ) Bromma 2202 Ultroscan Laser Densitometer with a 2220 Recording
Integrator.

Results

Comments on the Enrichment Procedure

It was noticed during the development of an enrichment pro-
cedure for yeast spindle pole bodies (SPBs; Rout and Kil-
martin, 1990) that certain discrete particles were released
from yeast nuclei upon nuclear lysis. Preliminary experi-
ments supported the idea that the particles were indeed de-
rived from yeast NPCs, as they contained a substantial por-
tion of the original NPC components and had a comparable
size and morphology to native NPCs (see also below). Al-
though the exact degree of preservation of morphology and
composition of these particles as compared with native
NPCs has yet to be determined, they were for convenience
termed NPCs and a method was developed to enrich for them
as much as possible. Several criteria required for a large
scale NPC enrichment procedure were already met by the
existent SPB fractionation method (Rout and Kilmartin,
1990). First, yeast nuclei provide an excellent starting mate-
rial for the production of NPCs. They can be made on a large
scale and in high yield, and have the highest NPC:nuclear
volume ratio of any eukaryote studied (Maul, 1977), poten-
tially minimizing the amount of nuclear-derived contami-
nants. Yeast also have a closed mitosis, so that all cells pre-
sumably contain fully assembled NPCs (Byers, 1981).
Second, both nuclear lysis and dispersal of the nuclear mem-
branes were efficient and complete, separating SPBs and
NPCs from potentially contaminating material (nuclear
envelope, putative lamina, and chromatin) (Rout and Kil-
martin, 1990). Third, after the nuclear lysate was separated
over a step sucrose velocity gradient, the majority of the
NPCs were recovered from a single fraction, suggesting that
they were discrete and relatively homogeneous in size (Rout
and Kilmartin, 1990). This fraction, recovered from the
S/1.75 M interface of step sucrose gradient II and termed the
crude NPC fraction, served as a basis for further enrichment
as summarized in Fig. 1.

During the development of the enrichment procedure
negative stain EM was used routinely, both as a semiquan-
titative assay for the presence of NPCs in fractions, and as
a qualitative assay for the preservation of NPC morphology.
This was complemented by SDS-PAGE and immunoblotting,
to assay for the retention of known NPC proteins that were
used as markers during enrichment. Both assays also moni-
tored the amount of contaminating material present; as the
crude NPC fraction was obtained from yeast nuclei, its ma-
jor contaminants were derived from chromatin and nucleoli,
as evidenced by the presence of histones and NOP1 (see be-
low). By EM this material was heterogeneous, often ag-
gregated, and entangled to varying degrees with the NPCs.
DNase had already been used to disperse the nuclear chro-
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Yeast Cells

l Remove cell wall in iscosmotic conditions

Yeast Spheroplasts

Lyse spheroplasts to release nuclei
Enrich for nuclei on step sucrose gradient I

Nuclei
Lyse nuclei in detergents / DMSO / DNAase 1

Enrich for NPCs on step sucrose gradient 11

Crude NPC Fraction S
Add heparin, detergent,
RNase A and incubate 1.45
. NPCs —
Enrich for NPCs on 1.85

Y step sucrose gradient 111

Enriched NPC Fraction

Enrich for NPCs on a continuous
sucrose velocity gradient

'
Highly Enriched NPC Fraction

NPCs ——

Figure 1. Flow diagram of the enrichment procedure.

matin, and additional exposure to this enzyme had no effect.
Heparin has been used as an alternative to DNase in the
solubilization of chromatin (Bornens and Courvalin, 1978)
and it was found that low concentrations of this dispersed
much of the contaminating material into particles considera-
bly smaller than the isolated NPCs, without causing detect-
able alterations to the structure or composition of the NPCs
themselves; however higher concentrations damaged the
NPCs. The detergent sodium taurodeoxycholate, although
having little effect on its own, was included as it seemed to
act in synergy with the heparin to lower the effective concen-
tration of the latter, thereby buffering the NPCs against its
damaging effects. RNase was also included at this step but
in fact its omission made little difference. Otherwise the
buffer conditions required to preserve NPCs during the en-
richment were similar to those used previously for stabiliz-
ing SPBs (Rout and Kilmartin, 1990).

The difference in size between NPCs and contaminating
particles resulting from the heparin/sodium taurodeoxycho-
late treatment allowed them to be segregated from each other
using velocity sedimentation gradients. A simple step gra-
dient separated the isolated NPCs from most of the con-
taminants (step sucrose gradient III, Fig. 1). The resultant
enriched NPC fraction was then graded by size on a continu-
ous gradient (Fig. 1). EM revealed that most of the small par-
ticulate contaminants remained near the top of the gradient
while the larger NPCs and occasional contaminating ag-
gregates were found near the bottom. A basal cushion of
higher density sucrose prevented the NPCs from pelleting
while concentrating the resultant highly enriched NPC frac-
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tion. Two main problems were encountered during the devel-
opment of these gradients. The first, aggregation of the iso-
lated NPCs, was alleviated by the addition of nonionic
detergents to solutions. This may reflect the presence of hy-
drophobic sites around the circumference of the NPCs,
where they bind to the nuclear membranes. The second, ap-
parent pressure-induced dissociation of the NPCs during
centrifugation, was minimized by reducing the centrifuga-
tion speed, and by using gradient media containing DMSO
and higher concentrations of sucrose. Samples of the highly
enriched NPC fraction were centrifuged onto a highly
charged electron microscope grid. The velocity gradients
used in its preparation meant that only relatively large parti-
cles could be present at this stage, such that most should have
sedimented onto the surface of the grid under these condi-
tions. Examination of 550 particles in typical micrographs
of the highly enriched fraction showed that ~~90% resembled
NPCs (Fig. 2).

Protein Composition of the NPC Fractions

The behavior of various known NPC and non-NPC proteins
was followed throughout the enrichment procedure by SDS-
PAGE and immunoblotting. Fig. 3 4 shows a Coomassie
blue-stained SDS-polyacrylamide gel on which were loaded
protein samples from all the fractions collected during the
enrichment procedure. Those fractions containing most of
the NPCs as determined by EM as well as immunoblotting
(see below) are indicated at the top of the gel.

Several bands served as markers, representing known non-
NPC proteins from different regions of the cell that might
contaminate the NPC fractions. These were recognized ei-
ther by their characteristic Coomassie staining patterns or by
monospecific antibodies on immunoblots. Thus by Coomas-
sie staining, nuclear proteins are represented by the four his-
tones (Fig. 3 A4, lane 7, positions marked with dots; Thomas
and Furber, 1976; Nelson et al., 1977). A band at around
50 kD was believed to be a cytoplasmic protein, and was
found to be a persistent contaminant of yeast fractionation
procedures (Fig. 3 A, marked with an arrowhead; Kilmartin,
J. V., personal communication; Rout and Kilmartin, 1990).
Immunoblotting was used to detect the 110-kD SPB protein
(associated with the nuclear envelope; Fig. 3 B), tubulin (in
both the nucleus and cytoplasm; Fig. 3 C) and the nucleolar
protein NOPI1 (Fig. 3 D; Aris and Blobel, 1988; Kilmartin
and Adams, 1984; Rout and Kilmartin, 1990). None of these
proteins coenriched absolutely with the NPCs, although as
expected most of the tubulin, the histones, the SPB protein,
and NOPI1 followed them as far as the enriched nuclear frac-
tion. However, little of these proteins could be found in-the
final highly enriched NPC fraction. The loss of specific non-
NPC components during the enrichment procedure was as-
sociated with a huge decrease in the total amount of protein
in the NPC-containing fractions (Fig. 3 4; Table I). By con-
trast, a large number of unidentified Coomassie-staining
bands coenriched absolutely with the NPCs. This was em-
phasized by silver staining of the final five gradient fractions
(Fig. 3 A, right). Three such high molecular mass bands
were particularly noticeable (Fig. 3 A, marked with arrows),
and could be seen to follow the NPCs in the last two gra-
dients.
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Figure 2. (Main figure) Electron micrograph of the negatively stained highly enriched NPC fraction showing a field of isolated NPCs and
occasional contaminants; stained with uranyl acetate. Bar, 0.5 um. (Inser) Three examples of negatively stained isolated NPCs in this frac-
tion showing their overall morphology of eight spokes surrounding a central plug. Bar on main figure is ~90 nm long at the scale of the inset.

Equal protein loadings from both the highly enriched NPC
fraction and the enriched nuclei fraction were separated by
ion exchange chromatography and reverse phase HPLC in an
attempt to distinguish between specifically coenriching pro-
teins and contaminants, especially in the more crowded
lower molecular mass regions. The two separation profiles
obtained were very different (Fig. 4). A more detailed com-
parison revealed that the two fractions shared at least 40
bands of the same apparent molecular mass and column
separation characteristics, which probably represent non-
coenriching contaminants of the NPC fraction. Amongst
these are the histones (indicated with an asterisk in Fig. 4),
which are prominent proteins of the nuclear fraction but are
present in relatively minor amounts in the NPC fraction.
Roughly 40 relatively major bands and at least a further 40
minor bands were highly enriched in the NPC fraction, and
were therefore candidate NPC proteins.

Immunological Analysis of the NPC Fractions

Having shown that non-NPC proteins did not coenrich with
the isolated NPCs it was necessary to determine the degree
of cofractionation of known NPC components. A panel of
monoclonal antibodies raised against rat NPC-containing
fractions have been previously shown to contain members
that recognize yeast NPC proteins. The NPC proteins so de-
tected belong to related families of proteins that share one
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of two domains containing either numerous conserved
nonapeptide or tetrapeptide repeats (Davis and Blobel, 1986,
1987; Aris and Blobel, 1989; Davis and Fink, 1990; Wente
etal., 1992; Loeb et al., 1993). From this panel four mono-
clonal antibodies, MAb350, MAb414, MADI92, and
MADB306, were chosen for further study. They have been
shown to recognize six such previously described NPC pro-
teins; NUP1 and NSP1 (Davis and Fink, 1990), NUP2 (Loeb
et al., 1993), and NUP116, NUP100, and NUP49 (Wente et
al., 1992). Two related proteins, provisionally termed
NUP63 and NUP54, were also recognized and determined
to be NPC proteins (Wente, S. R., personal communica-
tion). All the antibodies were found to give staining patterns
characteristic of NPCs on both indirect immunofluorescence
and immunoelectron microscopy of S. uvarum cells (data not
shown).

Fractions from the enrichment procedure were separated
by SDS-PAGE as in Fig. 3 and immunoblotted with the four
monoclonal antibodies. The results are shown in Fig. 5,
where the fractions containing most of the NPCs as indicated
by the EM assay are marked with a star above their respec-
tive lanes. All blots were overexposed to reveal the fainter
bands. The simplest pattern obtained was that from
MADB306. It recognized three major bands, one around 120
kD and a doublet at =100 kD (somewhat obscured due to the
overexposure). The 120-kD band and the upper of the 100-
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Figure 3. The enrichment procedure as monitored by SDS-PAGE
and immunoblot analysis, showing the loss of many non-NPC pro-
teins and coenrichment of a distinctive subset of bands with the
NPC-containing fractions. (Lane I, arrow) Whole spheroplast ly-
sate; (lanes 2 and 3, arrow), postnuclear supernatant and crude nu-
clear pellet, respectively. (lanes 4-8) Fractions from sucrose gra-
dient centrifugation of the crude nuclear pellet (Fig. 1, step sucrose
gradient I), from which is recovered the enriched nuclear fraction
(lane 7, arrow; Rout and Kilmartin, 1990). (lanes 9-13) Sucrose
gradient II (Fig. 1), separating the total nuclear lysate into amongst
others a crude NPC fraction (lane 10, arrow) and a crude SPB frac-
tion (lane /2; Rout and Kilmartin, 1990). (lanes 14-17) Fractions
collected from centrifugation of the crude NPC fraction over the
step sucrose gradient ITI (Fig. 1). (lane 14) the S fraction; (lane 15)
the S/1.45 fraction; (lane 16, arrow) the 1.45/1.85 fraction, termed
the enriched NPC fraction; (lane 17) the 1.85/2.5 fraction. (lanes
18-22) Fractions #1 to #5, respectively, collected from the continu-
ous velocity gradient centrifugation of the enriched NPC fraction
(Fig. 1). (lane 21, arrow) Fraction #4, the final highly enriched
NPC fraction. For fraction nomenclature see Materials and
Methods. Figures along the bottom of the gel indicate the number
of cell equivalents (loading equivalents) required to produce the
amount of protein loaded in each lane for the fractions from each
gradient, with reference to an arbitrary value (n) for the starting
number of cells. It was necessary to increase the loading equiva-
lents for the more enriched NPC fractions in order to be able to
visualize their proteins. Molecular mass standards (M;) are shown
to the left of the gels.

The Journal of Cell Biology, Volume 123, 1993

Table 1. Estimated Yield of NPC Protein during the
Enrichment Procedure

Total NPC

protein protein Fold Yield
Fraction (mg) (mg)* enrichment (%)
Spheroplasts 4200 6.2 — 100
Crude nuclei 1100 4.8 3 78
Enriched nuclei 260 39 10 62
Crude NPCs 50 3.1 40 49
Enriched NPCs 9.0 2.8 213 46
Highly enriched NPCs 3.1 2.8 607 45

* Based on an estimated NPC M, of 66 MD, 189 NPCs/nucleus, 3 x 10!
spheroplasts; and on the yield (%) estimates from the quantitative immunoblotting
data (see text).

kD doublet coenriched entirely with the NPC-containing
fractions. Both of these antigens have been identified as the
NPC proteins NUP1 and NSPI, respectively (Davis and
Fink, 1990; Nehrbass et al., 1990). The coenrichment of
NSP!1 with the isolated NPCs was confirmed by immunoblot-
ting with a polyclonal monospecific anti-NSP1 antibody (a
gift of U. Nehrbass and E. Hurt; data not shown), which also
indicated that the minor bands below 100 kD were probably
proteolytic degradation products. The identity of the lower
band of the doublet has also been recently established as be-
ing another NPC protein, NUP2 (Loeb et al., 1993). How-
ever NUP2 did not coenrich with the isolated NPCs in this
procedure, separating from them after the crude NPC frac-
tion (Fig. 5, MAb306; compare lane /0 and lane 16, with
NUP2 present or absent, respectively).

MAD192 gave a more elaborate pattern as it cross-reacted
with two low molecular mass bands at 35 and 12 kD, both
of which remained in the cytoplasmic supernatant at the first
stage of nuclear enrichment (Rozijn and Tonino, 1964), and
also recognized five major antigens coenriching with the
NPCs (Fig. 5). These five bands represented the three NPC
proteins NUP116, NUP100, and NUP49, as well as the two
NPC proteins NUP63 and NUP54. Minor coenriching
bands between NUP100 and NUP63 were probably proteo-
lytic degradation products of NUP116 and NUP100 (Wente
et al., 1992; Wente, S. R., personal communication).

The monoclonal antibodies MAb350 and MAb414 both

(A, Left) Coomassie blue-stained gel of all the fractions from the
enrichment procedure. The fractions containing the majority of the
NPCs in each gradient are indicated along the top of the gel (ar-
rows). The non-coenriching histone bands (dots) and 50 kD cyto-
plasmic band (arrowhead) are indicated on the gel, as are the three
prominent bands that coenrich with the NPCs (arrows). (Right)
Coomassie/silver-stained gel of the five fractions from the final ve-
locity gradient producing the highly enriched NPC fraction, show-
ing many distinctive bands coenriching with the NPCs. (B-D) Im-
munoblot of an SDS polyacrylamide gel prepared in a similar
manner to that in 4 and probed as described in Materials and
Methods for known non-NPC proteins. (B) The 110-kD SPB pro-
tein, detected with the monoclonal antibody 3D2 (Rout and Kilmar-
tin, 1990). (C) Yeast tubulin, detected with a polyclonal affinity
purified rabbit anti-yeast tubulin (Rout and Kilmartin, 1990). (D)
The yeast nucleolar protein NOP1, detected with the monoclonal
antibody D77 (Aris and Blobel, 1988). Lane number and loading
equivalent nomenclature is as described above.
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gave similar and complex staining patterns. They cross-
reacted strongly with several antigens that remained in the
cytoplasmic supernatant, including bands at ~50 kD, one of
which may have been the previously described non-nuclear
53-kD polypeptide (Davis and Fink, 1990), and a 25-kD
band. Two antigens at ~95 and 110 kD coenriched with the
NPCs as far as the crude NPC fraction, but were subse-
quently lost. The lower of these was likely to be the NUP2
protein described above, as this can be recognized by
MADB350 and MAb414 as well as MAb306 (Loeb et al.,
1993). The other antigen may have been another, as yet
unidentified, NPC protein because of its similar reactivity to
and cofractionation with NUP2. Six remaining bands coen-
riched completely with the NPCs. The faint band at ~120
kD and the 100-kD band were due in part to NUP1 and
NSPI, respectively (Davis and Fink, 1990). The upper band
was virtually undetectable in the first few fractions with
MADb414 (Fig. 5, lanes 1-10). The next three antigens down
were again most likely to be NUP63, NUP54, and NUP49,
as they are known to cross-react with both of the antibodies
(Davis and Fink, 1990; Wente et al., 1992; Wente, S. R.,
personal communication). The identity of the minor band at
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Figure 4. Ton exchange and
HPLC chromatography show-
ing equal protein loadings of
samples from the enriched
nuclei fraction (Nuclei) and
highly enriched NPC fraction
(NPCs), to show the number
of different polypeptides they
contain and the proteins that
coenrich with the highly en-
riched NPC fraction, which
are 60-fold enriched over the
nuclei fraction (Table I). Four
parallel gels were run by nor-
mal SDS-PAGE and stained
with Coomassie blue. The ap-
proximate M, of proteins as
estimated from molecular
- mass standards are shown
down the left side. Each gel
shows the proteins in the un-
bound or eluate fraction,
resulting from ion exchange
chromatography of either the
nuclei or NPC sample, and
further separated by reverse
phase HPLC into 26 frac-
tions, loaded left to right on
the gel in the order they were
collected according to in-
creasing hydrophobicity. The
position of each HPLC frac-
tion is indicated above each
gel by a vertical line (see
Materials and Methods; Woz-
niak, R., personal communi-
cation). An asterisk indicates
the position of the bands be-
lieved to be the four histones,
% that are amongst the bands

common to both the nuclei

and NPC samples.

NPCs

~45 kD was not determined. It is probable that MAb350 and
MADb414 also recognized NUP116 and NUP100 on the cell
fractionation immunoblots as they recognize these proteins
when expressed in E. coli (Wente, S. R., personal communi-
cation), and that the signals seen at the 120- and 100-kD po-
sitions were combinatorial. This has not yet been confirmed
on immunoblots of the NPC fractions.

Thus the bands recognized by the antibodies fall into three
categories. The first contained those antigens that were lost
immediately to the cytoplasmic fraction. They may repre-
sent the fortuitous recognition by the antibodies of relatively
abundant non-NPC proteins. For example, MAb350 reacted
with the radiolabeled 31-kD carbonic anhydrase molecular
mass standard (Fig. 5), which is most certainly not an NPC
protein! Similar problems have been encountered with an in-
dependent panel of monoclonal antibodies against the rat
homologues of these NPC proteins (Snow et al., 1987; te
Heesen et al., 1991). The second category contained seven
known yeast NPC proteins that coenriched absolutely with
the NPCs, demonstrating that the particles being enriched
for were indeed derived from yeast NPCs. The third cate-
gory contained the two antigens lost from the NPC-contain-
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ing fractions part way through the enrichment procedure.
One of these is certainly an NPC protein (NUP2), emphasiz-
ing that the NPCs in the final highly enriched fraction are
not completely intact. The immunoblots have also been
probed with WGA. No bands coenriching with the NPCs
were specifically recognized by this lectin.

The percentage yield for the isolated NPCs was calculated
for each gradient based on the NPC proteins NUP63 and
NUP49 (Table I), from measurements of their relative signal
intensities on both the MAb192 and MAb350 immunoblots
(see Materials and Methods). The total amounts of protein
in each fraction were estimated as described in Materials and
Methods, and inaccuracies in these measurements were re-
duced by using several different quantitation methods in par-
allel. These data were used with the NPC molecular mass
estimates (see below) and an average of 189 NPCs per yeast
cell (from serial thin sections of nuclei; data not shown) to
calculate a balance sheet for the NPC enrichment procedure,
presented in Table I. From this it can be seen that the NPCs
were recovered as an ~90% pure fraction, though in fact this
is more likely to be in the range of 75-90% (see below),
with a 45% yield and more than 600-fold enriched over
spheroplasts.

Electron Microscopy of the NPC Fractions
A detailed investigation of yeast NPC ultrastructure has been
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@ < NsP1* Figure 5. Known NPC pro-
teins coenrich with the NPC-
containing fractions. Immuno-
blots of four identical SDS-
polyacrylamide gels prepared
as described in Fig. 3 and
probed with the monoclonal
antibodies MAbB350 (350),
MAb414 (414), MADbIR2
92), and MADb306 (306).
Lane number and loading
equivalent nomenclature are
also as described in Fig, 3.
306 The NPC-containing frac-
tions are indicated along the
top of the gel (asterisks), and
molecular mass standards (M)
are shown to the left of the
gels. The approximate band-
ing positions of the known
yeast NPC proteins recog-
nized by these antibodies are
indicated to the right side
of each immunoblot; those
marked with a star are still be-
ing characterized. NUPF,
probable combinatorial signal
from NUP1 and NUP116;
NSPFI*, probable combinato-
rial signal from NSPl and
NUP100.
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frustrated for a number of reasons (Nehrbass and Hurt,
1992), but chief amongst these is a shortage of unobscured
isolates from yeast similar to those used in the study of ver-
tebrate NPCs. Thus the morphology of the NPCs was exam-
ined at various stages in the enrichment procedure (during
which varying degrees of obscuring material is removed) in
the hope that, despite possible losses and distortions, details
of yeast NPC ultrastructure might be elucidated. The en-
riched nuclei and highly enriched NPC fractions proved par-
ticularly suitable for such an investigation. Data obtained
from both fractions are united here to give an overall picture
of yeast NPC morphology.

It was clear that at a superficial level, yeast NPCs strongly
resembled those in other eukaryotes, each being a short cyl-
inder containing a central plug surrounded by a coaxial an-
nulus of octagonal symmetry (the eight spokes; Fig. 2, inset,
Fig. 6 D). This octagonal symmetry was confirmed by unbi-
ased (i.e., in which no symmetry was assumed a priori) com-
puter processing of electron micrographs from 75 negatively
stained isolated NPCs (analysis performed by C. W. Akey;
Frank et al., 1981; Akey, 1989; Akey, 1990; Akey and
Radermacher, 1993). The results are shown in Fig. 6; exam-
ples for three particles are shown in the figure. The first
column contains the unprocessed particle image used as the
reference. The second column contains the average obtained
by alignment of 67 particles after using the particle to the left
as a reference (eight particles were discarded from the
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Figure 6. Image analysis of the isolated NPCs (data kindly provided
by C. W. Akey). (I) Column containing the unprocessed NPC im-
age used as a reference. (2) Column containing the average of 67
NPCs after using the particle to the left as a reference. (3) Column
containing the eightfold average for each dataset. Examples for
three reference NPCs (4, B, and C) are shown in the figure. (D)
Diagrammatic interpretation of the ultrastructural features and
measured dimensions of the negatively stained isolated NPCs.

dataset by the computer as being unalignable, either because
they were damaged NPCs or contaminants). The third
column contains the eightfold average for each dataset. This
analysis provided four striking observations. First, both the
best individual images (Fig. 2, insets; Fig. 6, column /) and
all of the 67 averaged images (Fig. 6, column 2) have clear
octagonal symmetry. This symmetry is manifested as an an-
gular spacing of 45° between adjacent spokes. Second, after
enforcing eightfold symmetry on the final aligned averages
calculated from each single particle, the final averaged maps

Rout and Blobel Isolation of the Yeast Nuclear Pore Complex

Table II. Dimensions of Yeast NPCs

In isolated NPCs In nuclei
Plug diameter 35 + 4 nm (200) 29 4+ 3 nm (6)
Spoke radial length 26 £+ 4 nm (200) 26 + 2 nm (5)
NPC diameter 97 + 5 nm (200) 97 + 5 nm (10)
NPC thickness 27 + 4 nm (200) 32 + 6 nm (100)
Basket height - (=) 50 + 8 nm (10)

Measurements were made on electron micrographs of NPCs in the highly en-
riched NPC fraction negatively stained with phosphotungstate (In isolated NPCs),
or on thin section electron micrographs of NPCs in the enriched nuclei fraction
(In nuclei). Each mean value is given with its standard deviation. Figures in
brackets are the number of measurements made to obtain each mean value. A
minus sign indicates that the measurement could not be made.

are identical (with the exception of differing rotational orien-
tations). This indicates that the entire dataset of particles
aligned in a rotational manner consistent with eightfold sym-
metry, regardless of the reference particle used in the compu-
tation. Third, in many individual examples and in the
aligned averages each spoke was subdivided into an inner
and outer spoke domain of approximately equal sizes by a
faint darker line (Fig. 6). Xenopus NPC spokes are similarly
subdivided, although they display an extra domain (Unwin
and Milligan, 1982; Akey, 1989; Reichelt et al., 1990; Hin-
shaw et al., 1992; Akey and Radermacher, 1993). Fourth,
the apparent outer diameter of the spoke annulus is ~100 nm
in projection, 20 nm smaller than the vertebrate NPC; thus
the spoke in the isolated NPCs, at ~28 nm, is only two-
thirds the length of the Xenopus NPC spoke. However, the
inner diameter of the spoke annulus is conserved, measuring
roughly 44 nm (Unwin and Milligan, 1982; Akey, 1989;
Reichelt et al., 1990; Hinshaw et al., 1992; Akey and Rader-
macher, 1993). The presence of the plug was also retained
in the averages, but these analysis techniques did not pre-
serve its morphology. The measurements from the aligned
averages were in excellent agreement with those made from
200 individual isolated NPCs. More than 90% of the isolated
NPCs examined also contained plugs, of a diameter com-
parable to that seen in vertebrates (Table II). The length of
the isolated NPC along its cylindrical axis was estimated at
~30 nm by trigonometric measurements of tilt pair micro-
graphs (see Materials and Methods; Table II), although such
images showed no clear evidence for the presence of cyto-
plasmic or nuclear rings on the isolated NPCs.

The possibility of the specific loss of material from the iso-
lated NPCs led to similar studies being made on the NPCs
in thin section electron micrographs of yeast nuclei, a frac-
tion more comparable to those used for the measurements
of Xenopus NPCs (Unwin and Milligan, 1982; Akey, 1989;
Reichelt et al., 1990; Hinshaw et al., 1992; Akey and Rader-
macher, 1993). Although the detailed NPC morphology was
more difficult to discern in the nuclei, all the NPCs examined
in tangential sections contained a plug surrounded by a
densely staining annulus (Fig. 7 4). Detailed examination of
transverse thin sections of NPCs in yeast nuclei did not show
clear examples of the cytoplasmic and nuclear rings found
in Xenopus NPCs (Fig. 7, B and C), and measurements from
such sections yielded an estimate of ~30 nm for the NPC
thickness (Table II), similar to that for the isolated NPCs but
less than half the 70-80 nm estimated for the Xenopus NPC
(Hinshaw et al., 1992; Akey and Radermacher, 1993). Thus
it is not clear whether the isolated NPCs retained such rings,
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Figure 7. Thin section electron micrographs of pelleted yeast
nuclei, illustrating ultrastructural features of the yeast NPCs. (A)
Micrograph showing transverse section (lower right) and tangential
section (center) of the nuclear envelope and peripheral chromatin.
(Arrows) NPCs sectioned in the plane of the nuclear envelope show-
ing their plugs and spoke rings. (Arrowheads) NPCs sectioned
through a plane parallel to and just on the nuclear side of the nu-
clear envelope showing the NPC basket with tubules apparently
radiating from a distal ring. (B-D) Transverse sections of the nu-
clear envelope and peripheral chromatin. (B) Arrowheads show the
baskets associated with the nucleoplasmic side of NPCs and arrows
show the diffuse material on their cytoplasmic side. (C and D) Ar-
rows show the tubules between the baskets. Bar, 0.2 um.
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nor if they are present in yeast NPCs at all. Surprisingly, the
measurements obtained from the NPCs within the context of
the yeast nuclei were very similar to those obtained from the
isolated NPCs (Table II), though they are in full agreement
with the dimensions of NPCs as seen in preparations of yeast
cells (Moor and Miihlethaler, 1963; Severs et al., 1976; Wil-
lison and Johnston, 1978; Byers, 1981). ‘

There was little evidence for the extensive cytoplasmic
filaments seen on Xenopus NPCs (Franke, 1974; Richardson
et al., 1988; Ris, 1990, 1991; Jarnik and Aebi, 1991; Gold-
berg and Allen, 1992) although there was usually a 20-30-
nm thick layer of disordered material associated with the cy-
toplasmic face of the yeast NPCs (Fig. 7 B, arrows). On the
other hand filamentous structures projecting from the nu-
clear face of the yeast NPCs were often visible (Fig. 7 B, ar-
rowheads). In transverse section the structures formed by
the nucleoplasmic filaments were ~+50 nm long (Fig. 7, B-D,
Table IT). Tangential sections cut through these structures
suggested that eight such filaments projected from each NPC
and were arranged octagonally in a circle, presumably such
that a single filament originates from each spoke (Fig. 7 4,
arrowheads). At the end distal to the NPC the adjacent fila-
ments appeared to be fused into a ring. These structures thus
resembled the baskets seen on the nucleoplasmic face of
Xenopus NPCs, although the Xenopus basket can extend
more than 100 nm into the nucleoplasm (Jarnik and Aebi,
1991). Curiously, it was also noticed that the putative distal
basket rings in yeast seemed to be the attachment site for
short tubular fibers, which radiated out parallel to the
nuclear envelope and sometimes connected neighboring
baskets (Fig. 7 A; Fig. 7, C and D, arrows). Fibers connect-
ing the distal regions of baskets have been seen in Xenopus
preparations (Ris, 1991; Jarnik and Aebi, 1991; Goldberg
and Allen, 1992).

Mass Measurements of the Isolated NPCs

The estimation of the degree of enrichment of the highly en-
riched NPC fraction (Table I) first required the determina-
tion of the molecular mass of the isolated NPC; for this to
be estimated, accurate values for the sedimentation co-
efficient, diffusion coefficient, and density of the NPC
needed to be measured (Cantor and Schimmel, 1980; Ea-
son, 1984). A preparation of 80 S yeast ribosomes was mea-
sured in parallel to provide an estimate of the accuracy of the
values obtained for the yeast isolated NPCs. The sedimenta-
tion coefficient, mass, and density of the yeast ribosome
were already known (Chao and Schachman, 1956; Chao,
1957).

As no sedimentation standards of suitable range were
available, the sedimentation coefficients were estimated by
centrifugation using time integral values for the particles,
measured on isokinetic sucrose gradients (McEwen, 1967,
Griffith, 1986). The position in the gradient of both the ribo-
somes and the NPCs was determined by SDS-PAGE. The po-
sition of the NPCs in the gradient was confirmed by negative
stain EM. This also showed that they had neither disin-
tegrated nor aggregated during the centrifuge run, which
would have artifactually altered their sedimentation proper-
ties. This method gave a mean sedimentation coefficient of
310 S for the NPCs and 79 S for the ribosomal standards (Ta-
ble III). The ribosomal figure was very close to the previ-
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Table III. Physical Properties of Yeast NPCs

Isolated NPCS Ribosomes
Sedimentation coefficient 310 (£39) 79 (£1)
(s X 108 s)
Diffusion coefficient 54 (+4) 135 (£24)
(D x 102 m*%™ 1)
M, (megadaltons) 66 (56-73) 4.3 (4.1-4.4)

Mean sedimentation coefficient values are given, calculated from five measure-
ments (NPCs) and two measurements (Ribosomes). Mean diffusion coefficient
values are given, calculated from 68 measurements (NPCs) and 64 measure-
ments (Ribosomes). Molecular mass values, and error values (in brackets), are
calculated as described in Materials and Methods.

ously determined value of 80 S (Chao and Schachman,
1956).

The diffusion coefficients were measured with a Biotage
dp801 molecular size detector (with S. Burley). The mean
diffusion coefficients obtained are presented in Table ITI. Al-
though the measurements from the NPC samples were fairly
even, those from the ribosome standard samples were more
widely scattered around their mean. The reasons for this
were not known.

The density of yeast ribosomes has already been deter-
mined (1.5 g/ml; Chao and Schachman, 1956). Although it
was impracticable to determine the absolute density of the
NPCs, an approximate value was obtained by density gra-
dient centrifugation of both the isolated NPCs and ribosomes
on sucrose gradients. Most NPCs were found at densities be-
tween 1.24 and 1.27 g/ml. The ribosomes were found at den-
sities above 1.3 g/ml (data not shown). Though they had not
reached equilibrium, the slower sedimenting but higher den-
sity ribosomes overtook the NPCs by a wide margin. Thus
it was considered likely that the NPCs had banded close to
their equilibrium density, and that the true density of the iso-
lated NPCs is probably around 1.27 g/ml, a figure often used
for the average density of pure proteins (Rickwood, 1984).
The possibility of their density being as high as 1.30 g/ml (a
figure also used as typical of pure proteins; Griffith, 1986)
was accounted for in the error calculations.

Clearly, an unknown amount of contaminant actually ad-
hering to the isolated NPCs would increase their apparent
mass. The material seen in or next to the plugs was unlikely,
due to its small volume, to contribute much more than 5%
to the NPC mass value. The amount associated with the sur-
face of the NPC, and its contribution to the NPC mass, could
not be estimated. However it was also considered unlikely
to contribute much to the mass value, as it was not enough
to obscure the morphological features observed in the iso-
lated NPCs.

From these figures the molecular masses of the ribosomes
and NPCs were estimated (Table IIT). It was not possible to
calculate a standard deviation for the molecular mass esti-
mate as it is derived from a ratio of variables, but an error
interval was derived within which the best estimate of the
molecular mass was likely to fall (Table III; see Materials
and Methods). The calculated molecular mass for the ribo-
somes was 4.3 MD, reassuringly close to the value of 4.1
MD previously obtained for yeast ribosomes (Chao and
Schachman, 1956). The molecular mass of the isolated yeast
NPCs was estimated to be 66 MD. This is approximately half
the mass measured for Xenopus oocyte NPCs (125 MD;
Reichelt et al., 1990) but is consistent (at least in part) with
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the comparatively smaller dimensions of the yeast NPC as
compared with those of Xenopus.

Purification of NPC Proteins

It became possible to draw some preliminary conclusions as
to the composition of the isolated yeast NPCs. The density
of the NPCs was clearly much less than that of ribosomes
and close to the density of pure protein. Hence, if RNA is
a constituent part of the NPCs as has been suggested (Scheer,
1972) then it is probably a fairly minor component. The
NPC mass estimates (Table III) and immunoblot yield
figures (Table I) predict that as much as 90% of the protein
in the highly enriched fraction was from NPC components.
Even the lowest NPC mass estimate (56 MD; Table III)
predicts that 75% of the protein in the highly enriched frac-
tion was from NPC components. When the protein composi-
tion of the highly enriched NPC fraction was investigated by
column chromatography and SDS-PAGE (Figs. 3 and 4),
over 80 of the roughly 120 polypeptides in the highly en-
riched NPC fraction specifically coenrich with the isolated
NPCs. These figures are consistent with this fraction’s purity
estimated both qualitatively by electron microscopy (Fig. 2),
and quantitatively by immunoblotting (Table I). It is possible
that some of these polypeptides were derived from proteoly-
sis of other proteins, although this would seem unlikely to
be a major problem since only minor proteolysis of nucleo-
porins was seen on the immunoblots (Fig. 5, MAb306), even
for proteins such as NSP1 which have been shown to be pro-
teolytically sensitive (Hurt, 1988).

It should therefore be relatively straightforward to identify
candidate NPC proteins in the highly enriched NPC fraction
by comparison with a similar preparative scale purification
of proteins from yeast nuclei; such NPC proteins would be
strongly enriched in the highly enriched NPC fraction, much
as they were in the analytical gels (Fig. 4). There ought to
be little confusion of NPC proteins with contaminant pro-
teins as the latter appeared to be in the minority in both num-
bers and quantity in the highly enriched NPC fraction. Thus
it should be possible to make microgram quantities of each
of the NPC proteins for the purposes of obtaining protein se-
quence data, to be used in the cloning of their correspond-
ing genes. That this is indeed the case was shown first with
NPC proteins that could be independently verified. After
separation of the NPC fraction using HPLC and SDS-
hydroxylapatite chromatography as described (Wozniak, R.,
G. Blobel, and Rout, M., unpublished data), immunoblot-
ting with MAb192 identified NUP116, NUP100, and NUP49
as being present in single Coomassie-staining bands on SDS-
PAGE of the chromatographic fractions (Wente, S., and R.
Wozniak, personal communication). All the internal peptide
sequences obtained from these bands were found within the
predicted amino acid sequences derived from each of their
corresponding genes, and indeed proved helpful during the
identification of NUP49 (peptide sequence data provided by
R. Wozniak; Wente et al., 1992; data not shown). This
strongly suggests that each of the three bands contained only
one species of protein, those being NUP116, NUP100, and
NUP49, respectively. The method therefore seemed gener-
ally applicable to the characterization of NPC proteins in the
highly enriched fraction and has since been used success-
fully in the isolation of genes encoding novel NPC proteins
(Wozniak, R., G. Blobel, and M. Rout, unpublished data).
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Discussion

This paper presents a method for the production of milligram
quantities of highly enriched particles, referred to as isolated
NPCs as they retained most of the assayable morphological
and biochemical features found in NPCs in situ. The proce-
dure has proven reproducible, and preliminary results have
suggested that other S. cerevisiae strains may be successfully
substituted for the strain used here. Although they had
suffered both loss of material and structural distortions (see
below) the isolated NPCs were pure enough to begin studies
on their structure, composition, and physical properties.

The lack of any functional assay meant that this enrich-
ment procedure was designed primarily to preserve only the
detectable morphological features, and the dissociation of
peripheral elements from the NPCs during their isolation
would have been almost impossible to detect. The loss of at
least one known NPC protein, NUP2, demonstrates that the
isolated NPCs had in fact lost some components. However
at least seven other known NPC proteins coenrich with the
isolated NPCs, suggesting that they still retain a substantial
proportion of the original NPC components.

The isolation procedures have allowed a preliminary in-
vestigation of yeast NPC ultrastructure. This has unequivo-
cally confirmed that the yeast NPCs share the eightfold sym-
metry found in the NPCs of vertebrates. Complementary
data gained from different fractions showed that the yeast
NPC is also significantly smaller than vertebrate NPCs. This
has been reported by others (Moor and Miihlethaler, 1963;
Severs et al., 1976; Willison and Johnston, 1978). However
the overall morphology and the diameters of the central pore
and plug within appear to be conserved. The size conserva-
tion of the plug and central pore suggest that these features
of the NPC are important for transport, as has been shown
previously by thin section electron micrographs of both
RNPs (Stevens and Swift, 1966; Mehlin et al., 1992) and
nucleoplasmin-gold conjugates (Feldherr et al., 1984) in
transit across the NPC. The NPCs in yeast may also have
baskets and interbasket filaments comparable to those seen
in Xenopus preparations. Much more detailed ultrastruc-
tural studies are in progress (with C. W. Akey).

The electron microscopical, biochemical, and immuno-
logical evidence indicates that the highly enriched NPC frac-
tion is composed mainly of NPC proteins (Figs. 2, 3, and 4,
Table I). That the NPC fraction is enriched enough to obtain
sequences from a number of known NPC proteins implies
that it is possible to obtain similar sequences from many
more, as yet uncharacterized, NPC proteins. This is one of
the main functions of this enrichment procedure, and indeed
a number of these proteins are now being characterized. The
clear presence of the plugs in the isolated NPCs also
promises that much of the translocation machinery is still
present. Experiments are in progress which will attempt to
identify some of the components of this machinery. The
eventual aim is to clone and sequence the genes for such
NPC components, to allow their biochemical and genetic
analysis.
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