




Figure 5. Salt and urea extraction of the 62-58-54 complex . Par-
tially purified rat nuclear pore glycoproteins, extracted from 3 x
108 nuclei, were immunoprecipitated with anti-p62-Sepharose .
The washed pellets were incubated at room temperature with 100
I1of either NaCl- (A) or urea- (B) containing solutions (concentra-
tions as indicated in figure) . After 45 min, the Sepharose was
pelleted and aliquots of the supernatants (S) and pellets (P) were
subjected to SDS-PAGE on 9% gels. The proteins were transferred
to nitrocellulose and incubated with anti-p62, p58, and p54 anti-
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proteins electrophoresed on a polyacrylamidegel, transferred
to nitrocellulose, and probed with an mAb, 414, which re-
acts with numerous members of the pore glycoprotein family
including p62 and p58 (Fig . 6 a ; Davis and Blobel, 1987),
or probed with all three of our antisera (Fig . 6 b) . The results
demonstrate that p62, p58, and p54 elute from the column in
identical fractions (Fig . 6, a and b) . The complex fractionates
with a molecular weight of 550-600 kD, migrating between
the ß-galactosidase (464 kD) and thyroglobulin (672 kD)
markers . This discrete size argues again that the complex
is a distinct structure, and not a random or heterogeneous
aggregate .

It should be noted that a protein of -50 kD is recognized
by the anti-p58-antisera and is coprecipitated by all the anti-
bodies . In the initial blots of the rat nuclear pore glycopro-
teins the 50 kd band was not visible (Fig . 2, lanes 4-5), but
is visible in all three immunoprecipitates probed with anti-
p58 antisera (small arrow, Fig . 4 b) . We thinkit is most likely
a breakdown product of the 58 kD protein which accumu-
lates during the course of immunoprecipitation .
We found that N-acetylglucosamine-bearing proteins of

94, 130, 143, 157, 180, and 270 kD were not in the complex .
The 180- and270-kD pore glycoproteins migrated faster than
the 550-600-kD complex (top dots, Fig . 6 a) . Proteins of 94,
130, 143, and 157 also migrated slightly faster than the rat
p62-p58-p54 complex (Fig . 6 a) . Moreover, the anti-p62 an-
tisera does not significantly immunodeplete these higher
molecular weight bands, indicating they are not quantitatively
included in the complex (see Figs . 8 and 9 below) . Interest-
ingly, the relative mobility of the 180-270 and the 94-130-
143-157 proteins indicate that they too are present in com-
plexes of large size relative to their molecular weight . It
remains to be determined whether these latter high molecu-
lar weight entities are due to oligomerization of the individ-
ual proteins or to heterologous complexes of the different
proteins .
To determine more rigorously the composition of the com-

plex, isolated rat WGA-binding proteins were immunopre-
cipitated using Sepharose beads to which anti-p62 antisera
was cross-linked . The resulting immunoprecipitate was frac-
tionated on a polyacrylamide gel and stained with Coomassie
blue (lanes 2 and 6, Fig . 7) . In four separate immunoprecipi-
tations, p62, p58, and p54 were the only proteins observed
reproducibly in large amounts . The ratio appeared to be ti4 :
1 :4 (522 kD). This is an estimate based on a staining which
is sensitive to amino acid composition and may not be entirely
accurate. Other proteins which stain poorly may also be pres-
ent . (Silver staining showed the same three proteins, but was
greatly biased towards p62 which appears to stain to a much
greater extent thanp54 and p58 with this technique .) Wecon-
clude that, although other proteins may be present in lesser
amounts, the complex contains primarily p62, p58, and p54 .

Nuclei Deficient in thep62-58-54 Complex Are
Deficientfor Transport
To ask whether nuclei depleted ofcomplex are capable ofnu-

sera, simultaneously . Lane 1 contains an aliquot of untreated im-
munoprecipitate . The arrow indicates the IgG heavy chain, which
also binds 125 I-protein A . Note that the 62-58-54 complex appears
stable to 2 M NaCl or 2 M urea extraction .
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Figure 6. Gel filtration determi-
nation of the complex size . (A)
Partially purified rat WGA-bind-
ing glycoproteins were applied to
a Sephacryl S-300 HR column
and fractions were collected, con-
centrated, and electrophoresed on
a 9% SDS-polyacrylamide gel .
AftertransfertoPVDFmembrane,
the fractions were probed with
mAb414 . The same column was
used to run the protein size mark-
ers, thyroglobulin, 0-galactosidase,
catalase, bovine serum albumin,
a-amylase, ovalbumin, and soy-
bean trypsin inhibitor. Fractions
13-29, demarcated by the arrows,
include the peak of the eluted
complex . (Only the odd numbered
fractions were electrophoresedon
this gel .) The 62-58-54 complex
peaked at approximately fraction
22, giving a size of 550-600 M
For reference, thyroglobulin (672
kD) peaked in fraction 20, where-
as galactosidase (464 kD) peaked
in fraction 26. A similar size de-
termination was obtained when
the protein size markers were
fractionated simultaneously with
the rat glycoproteins . Lane Scon-
tains Nl% of the starting materi-
al . The bars mark p62, p58, and
p54 . The dots mark proteins of
ti 270, 180, 157, 143, 130, and 94
M. (B) Partially purified ratWGA
binding glycoproteins were ap-
plied to a Sephacryl S-300 HR
column as in A with the following
changes : Smaller fractions (N0.5
ml) were collected for finer reso-
lution, and a blot of the trans-
ferred protein fractions wasprobed
with all 3 antisera (anti-p62, anti-
p58, and anti-p54) . The bulk of

the complex eluted in fractions 38-47, again demarcated with arrows . The complexpeaked infractions 42-43 asdeterminedby densitometry
of the autoradiograph . For reference, thyroglobulin peaked in fractions 39-40and ß-galactosidase peaked in fraction 47. Again, lane S con-
tains -1% of the starting material . The bars mark the 62, 58, and 54 kD proteins .

clear import, the depletion-reconstitution system previously
described was used . Anti-p62 antisera was coupled to Pro-
tein A Sepharose and used to immunodeplete a mixture of
partially purified ratnuclearpore glycoproteins . To determine
the amount of complex removed under these conditions, the
immunodepleted supernatants were electrophoresed onpoly-
acrylamide gels, transferred to nitrocellulose, and probed
with 'ZSI--WGA . Densitometric scans of the resulting autora-
diograms indicated that two serial immunodepletions using
anti-p62-Sepharose removed up to 90% of the p62 protein
complex present, depending on the experiment (compare
lanes 1 and 3, Fig. 8 a) . Nonspecific antisera when coupled
to Sepharose removed <10-15% of p62 (mock depletion) .
Because the supernatants were probed with 'III--WGA, it
was possibleto visualize not only the amountofp62 removed,
but also the high molecular weight rat glycoproteins (Fig . 8
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b, lanes 3-6) . We found that there was no significant differ-
ence in the high molecular weight bands when the sample
was immunodepleted with either the nonspecific antisera-
Sepharose or anti-p62-Sepharose . Thus, immunoprecipita-
tion using anti-p62-Sepharose leads to a large specific reduc-
tion in the p62 protein complex without a corresponding
decrease in the higher molecular weight WGA-binding pro-
teins.
To test the effect on nuclear import of depleting p62 and

its complexed proteins, the immunodepleted mixture of rat
pore proteins (Fig. 8 b, lane 4) was added to a nuclear recon-
stitution extract from which the equivalent Xenopus WGA
binding proteins had been removed (Fig . 8 b, lane 1) . Chro-
matin and membranes were added and nuclei were allowed
to form . Once formed, the nuclei containing p62 complex-
depleted pores were assayed for nuclear transport by the ad-
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dition of a rhodamine-labeled transport substrate (TRITC-
HSA-wt), consisting ofmultiple copies ofthe SV40 T antigen
signal sequence covalently coupled to HSA. At various times
after substrate addition, the nuclei were fixed, observed
briefly inthe fluorescence microscope, and analyzed by video
imaging which allows the level of accumulated fluorescent
transportsubstrate tobe quantitatively measured inindividual
nuclei (Newmeyer and Forbes, 1990) . Anaverage ofaccumu-
lated fluorescence per nucleus could then be obtained for
each sample to determine the relative efficiency of transport .
A comparison oftransport in p62 complex-depleted nuclei,

mock-depleted nuclei, and control nuclei is shown in Table
I . (Control nuclei are those reconstituted with the complete
set of rat nuclear glycoproteins present .) In a typical experi-
ment, the p62 complex-depleted nuclei accumulated only
11% of the amount of substrate imported by control nuclei .
Nucleiformedwith nonspecifically depletedratglycoproteins
transported at 85% the control level . Thus, in this experi-
ment the removal ofp62 and its complexed pore proteins re-
duced the ability of depleted nuclei to import by eightfold .
To test the effect ofdepletion by anti-p54 or -p58 antisera,

each antisera was bound to Protein A Sepharose and used to
immunodeplete the rat nuclearpore glycoproteins in the pres-
enceofWGA-depletedXenopus extract . The immunodepleted
supernatants were electrophoresed on polyacrylamide gels,
transferred to nitrocellulose, andprobedwith the correspond-
ing antibody followed by I25í-Protein A . Anti-p58-Sepha-
rose removed <50% ofthe SHAD protein (not shown) . Since
the anti-p58 antisera also cross-reacts with a 124-kD Xeno-
pus protein (Fig . 4 b), this protein may compete with the rat
p58 for antibody binding, reducing the efficiency of p58 im-
munoprecipitation . Immunodepletion with anti-p54-Sepha-
rose, on the other hand, removed much ofp54 and its associ-
ated proteins . Immunodepletion of the complex by anti-p54
and subsequent nuclear formation resulted in a drop in nu-
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Figure 7. Coomassie blue staining of the
immunoprecipitatedcomplex .RatWGA-
binding proteins from 6 x 108 nuclei
were immunoprecipitated in two differ-
ent experiments, one shown in lanes 2-3
and a second shown in lanes 4-7. The
pellets were immunoprecipitated with ei-
ther anti-p62 (lanes 2 and 6) or nonspe-
cific antisera (lanes 3 and 7) . The super-
natants from the immunoprecipitated
pellets shown in lanes 6and 7were con-
centrated by TCA precipitation ; halfwas
loaded in lanes 4 (anti-p62 supernatant)
and5 (whole rabbit antiserasupernatant) .
(It should be noted that the WGA-bind-
ing proteins used in this experiment were
impure and contained many non-WGA-
binding proteins .) The two proteins
other thanp62, p58, and p54 seen in lane
6were present in relatively highamounts
in this experiment, but not in other im-
munoprecipitations. The gel was stained
with Coomassie blue. The ratio of the
three proteins varied somewhat from ex-
periment toexperiment . Molecular weight
markers of 205, 116, 97, 66, and 45 kD
are shown in lanes 1 and 8.

clear transport to one third the mock-depleted control (Table
I) . Thus, these data support the anti-p62 immunodepletion
finding that removal of the complex greatly reduces nuclear
transport .

Amount ofNuclear Transport Is Directly Related to
the Amount ofComplex Present
In theabove experiment, nucleidepletedwith anti-p62-Sepha-
rose showed a much greater reduction in transport than p54-
depleted nuclei (Table I) . If, as our data suggest, the complex
is necessary for forming functional nuclear pores, then the
amount of the complex present at the time of nuclear forma-
tion would be a limiting factor in the ability of the resulting
nuclei to transport . If true, the differences in transport ob-
served would be due to the varying amounts of complex re-
moved by different antisera . To test this, an aliquot of rat
nuclear pore glycoproteins mix was split into five identi-
cal parts that were then immunodepleted by anti-p54, -p58,
-p62, or nonspecific antibody-Sepharose, or by no antisera
at all . The proteins remaining after immunodepletion were
added to a larger aliquot of WGA-depleted Xenopus extract .
Chromatin and membranes were added and nuclei allowed
to form . The transport substrate was added and the nuclei
analyzed 40 min later by video imaging to measure nuclear
transport . The amount of p62-58-54 complex remaining in
each immunodepleted extract was measured by gel electro-
phoresis, transfer to nitrocellulose, probing with 'III--WGA,
and densitometric scanning of the p62 band (Fig . 9 a, lanes
4-8) . Totalnuclearimport was then plotted versusthe amount
of p62 that remained, taking this as a measure of the amount
of complex remaining (Fig. 9 b and Table II) .
As predicted, we found that the different antisera did in-

deed remove differing amounts of p62 and its associated pro-
teins under the immunodepletion conditions . More impor-
tantly, the lower the amount of the p62-58-54 complex that
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Figure 8. Immunodepletion ofthe 62-kD rat nuclear pore glycopro-
tein . (A) Partially purified rat nuclear pore proteins were added to
a depleted Xenopus extract in a 1 :1 ratio (RNPG mix) . The depleted
Xenopus extract was added to block nonspecific binding to the Se-
pharose . The immunodepleted supernatants are shown after a 3-h
immunoprecipitation with anti-p62 antisera-conjugated Sepharose
(lane 1 ; 10 pl) or nonspecific antisera-conjugated-Sepharose (lane
2 ; 10 tcl) . 10 ltl of starting material are shown in lane 3. (The frac-
tions wereelectrophoresed, blotted, and probedwith ' 25I--WGAtovi-
sualize p62, indicated byanarrowhead, and additionalWGA-binding
nuclear proteins .) Immunoprecipitation with anti-p62 specifically
depleted the p62 protein (arrowhead ; lane 1) compared to immu-
noprecipitation with a nonspecific control antibody (lane 2) . (B)
To determine the proportions of WGA-binding proteins present in
transport assays when testing the effect ofthe p62 protein immuno-
depletion on transport, the following transport assay components
were electrophoresed, blotted, and probed with 12'I--WGA : WGA-
Sepharose-depleted Xenopus extract (lane 1 ; 11 .5 Al), RNPG mix
(lane 2 ; 5 IAI), RNPG mix immunoprecipitated once for 1 .5 h with
either anti-p62-Sepharose (lane 3 ; 5 IAl) or twice for 1 .5 h with anti-
p62-Sepharose (lane4 ; 5 pl) ; RNPG mix immunoprecipitated once
with nonspecific control antisera-Sepharose (lane S ; 5 ul), or twice
with nonspecific control Sepharose (lane 6 ; 5 p,l) . (5 Pl of the vari-
ous immunodepleted supernatants were added back to 11 .5 Al ofthe
depletedXenopus extract toassay for transport inthe nuclei formed .)
The arrowhead denotes p62 . The bars denote proteins of230, 210,
143, 130, and 118 kD.

remained in the nuclear transport assay, the less the amount
of transport substrate that was accumulated by the nuclei
(Fig . 9 b) . In this experiment, immunodepletion with anti-
p62-Sepharose left 21 % ofthe complexinthe assay ; suchcon-

TableL Immunodepletion ofp62 orp54Reduces
Nuclear Transport

Samples of partially purified rat proteins mixed in a 1 :1 ratio with depleted
Xenopus extract were immunodepleted with the indicated antisera-Sepharose .
10 Al of the immunodepleted supernatants were then added to 30 jul of WGA-
depleted Xenopus extract, chromatin, and membranes. The resulting nuclei
were assayed for their ability to transport. Total nuclear transport substrate ac-
cumulation was measured using video imaging. The numbers represent values
for the total accumulated substrate for n nuclei ± the SEM, as described in
Materials and Methods.
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ditions supported 25 % of the control level of transport. Anti-
p54-Sepharose immunodepletion left 37% of the complex in
the assay and showed 37% the control level of transport . Im-
munodepletion with anti-p58-Sepharose, which has the low-
est affinity for the complex, left 68% of the complex and
transported at 61% of the control level . Monitoring the
amount of a representative higher molecular weight WGA-
binding protein (p118 ; arrow in Fig . 9 a) showed that there
was no correlation between the amount ofthis protein or any
other high molecular weight glycoprotein present and the
transport rate of the immunoprecipitated samples (Table II) .
This indicates that the drop in transport is not due to a gen-
eral lowering in concentrationofall ratnuclear poreglycopro-
teins by inununoprecipitation, but instead to the removal of
the p62-p58-p54 complex . We conclude that there is a strict
linear correlation between the amount ofp62-p58-p54 com-
plex available during nuclear formation and the ability of the
nuclei formed to import nuclear proteins .

Discussion
The recently identified family of novel pore glycoproteins
has been estimated to comprise N2-3 % of the protein of rat
nuclear pores (Snow et al ., 1987) . The glycoproteins are
conserved among different organisms and a similar family of
proteins has been identified in Xenopus eggs . When the en-
tire Xenopus glycoprotein family is removed from a nuclear
reconstitution extract, the nuclei formed are defective both
in the binding and translocation steps of nuclear import (Fin-
lay and Forbes, 1990) . Rat pore glycoproteins can reconsti-
tute binding and transport when substituted for the missing
Xenopus proteins . Based on these observations, it is clear
that some or all of the members of this protein family are
critical for proper pore function . To obtain specific func-
tional and structural information for individual members of
the pore glycoprotein family, we have raised polyclonal anti-
bodies specific to each of three abundant members of the rat
family, p62, p58, and p54 .
Using these protein-specific antibodies, we have found that

antisera against any one protein coimmunoprecipitates the
other two. This demonstrates that the three proteins interact
with one another to form a high molecular weight multi-
meric complex . Since p62 is one of the few members of the
glycoprotein family shown conclusively to be a pore protein,
its association in a complex with p54 and p58 indicates that
they arealso authenticnuclearporeproteins . Althoughpoorly
glycosylated, they are among the most prominent bands ob-
served after our WGA-Sepharose purification of nuclear gly-
coproteins . We now thinkthat their retention on WGA-Sepha-
rose is indirect and results from the binding of the heavily
glycosylated p62 member ofthe complex to the WGA Sepha-
rose . Using gel filtration, we have found that the complex has
a molecular weight of -550-600 kD. The complex is resis-
tant to dissociation by low concentrations of the detergent
Mega 10, 2 M urea, or 2 M NaCl, indicating that the associa-
tion of the proteins is mediated by specific and tight interac-
tions . By immunodepletion, we have demonstrated that the
efficiency of transport of proteins into nuclei is directly de-
pendent on the initial concentration of this complex within
a nuclear reconstitution extract . Together our results demon-
strate that the 3 glycoproteins, p62, p58, and p54, physically
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Antisera used for
immunodepletion

Total accumulated
RITC-ss-HSA % Transport

None 16,076 t 3,056 (n = 15) 100
Anti-p62 1,712 t 563 (n = 15) 11
Nonspecific 13,630 t 3,405 (n = 15) 85

antisera
Anti-p54 4,592 t 933 (n = 14) 29



Figure 9 The amount of p62 and its associated proteins correlates directly with nuclear import . Transport assays were performed as de-
scribed in Materials and Methods by adding either total rat nuclear pore glycoproteins (RNPG mix), immunodepleted RNPG mix, or
high sugar buffer to a WGA-depleted Xenopus nuclear reconstitution extract. After nuclear formation, TRITC-labeled nuclear transport
substrate was added. Aliquots were taken 40 min later, fixed with formaldehyde, and assayed with video imaging. (A) The amount of the
62-58-54 complex remaining after immunodepletion with anti-p62, -p58, -p54, or nonspecific antisera Sepharose is indicated by the
amount of p62 present in lanes S-8. 125I-WGA was used to probe a nitrocellulose blot of the transport assay components which had been
electrophoresed on an 8% polyacrylamide gel. (' 251-WGA allows observation of the upper molecular weight WGA-binding proteins, as
well as the 62-kD component ofthe 62-58-54 complex. Although the 58- and 54-kD proteins are present, they do not appear to bind WGA
well and therefore are not visible on this blot .) The lanes are as follows : IOx Xenopus membranes in MWB (2 /1 ; lane 1), undepleted
Xenopus extract (17 td ; lane 2), WGA-depleted Xenopus extract (12 Ed ; lane 3), RNPG mix (50% partially purified RNPGs and 50% WGA-
depleted Xenopus extract) (5 pl ; lane 4) . Lanes S-8 contain: 5,u1 RNPG mix immunodepleted with anti-p62-Sepharose (lane 5), anti-p58-
Sepharose (lane 6), anti-p54-Sepharose (lane 7), or nonspecific-antisera-Sepharose (lane 8) . 5 I1 of the various RNPG immunodepleted
supernatants were added to 11.51A ofthe depleted Xenopus extract for nuclear reconstitution . Lane 1 represents the amount ofmembranes
added to this 18 141 of extract . Note that the different antisera have differing efficiencies of p62 removal. Arrows denote p62 and p11ß,
the latter being a representative high molecular weight rat WGA-binding glycoprotein present in WGA blots. The bars indicate proteins
of ti 230, 210, 157, 143, and 130 kD. (B) The total accumulation of transport substrate under conditions in Fig. 9 a where differing amounts
of complex were present is plotted . Total accumulation of transport substrate is indicated in arbitrary units (ARIGVs) derived from video
imaging, as explained in Materials and Methods. Densitometric scanning of the blot in A resulted in a relative measure of p62 present
per sample . The values noted are the integrated area under the absorption curve ofp62 measured by densitometry of each band in Fig. 9 a .

interact with one another to form acomplex which is essen-
tial for nuclear import .
With respect to the organization ofthe complex, it appears

from immunoprecipitation and Coomassie blue staining that
thebulk ofthe complex is composed ofthe three proteins that
we have studied. Further work will be required to ascertain
whetherother proteins are included . Determiningthe stoichi-
ometry ofthe different proteins within the complex is depen-
dent on an equally sensitive staining of each protein by the
dye chosen ; we already know that such equal staining is not
the case with silver staining . Fast green stain of the proteins
transferred to nitrocellulose gives a stoichiometry of -2 :1 :2,
while Coomassie blue staining ofprotein gels gives a stoichi-
ometry of ti4 :1 :4 (or often even less p58) . If the complex
consists offour subunits ofp62, one subunit of p58, and four
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ofp54, the molecular weight would be -522 kD. This calcu-
lated stoichiometry approximates the gel filtration value of
550-600 kD, but cannot be said to be more than an estimate
at present and will be the focus of future work .

It is worth asking what features p62, p58, and p54 share,
both structurally and functionally. From earlier work, when
solubilized as monomers by 2 % Triton-high salt treatment
of nuclear envelopes, the three proteins were found to be
among the proteins immunoadsorbed by a monoclonal anti-
body RL2 . This antibody recognizes protein-sugar epitopes
and stains the nuclear pore (Snow et al ., 1987 ; Holt et al .,
1987) . Thus, each must share a common protein-sugar epi-
tope . Our antibodies do not appear to recognize this epitope
(see Fig. 2) . By comparison of radioiodinated tryptic pep-
tides, Snow et al . (1987) determined that p62 and p54 show
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Table H. Comparison ofTransport to the Amount of
p62-complex Present

The data from Fig . 9 are presented here in tabular form . Samples of partially
purified rat proteins added in a 1 :1 ratio with depleted Xenopus extract were
immunodepleted with the indicated antisera-Sepharose . 10 JAI of the immunode-
pleted supernatants were then added to 30 Al of depleted Xenopus extract, chro-
matin, and membranes . The resulting nuclei were assayed for their ability to
transport . Total substrate accumulation was measured using video imaging .
The amount ofcomplex presentwas measured by densitometric scanning of the
p62 band in Fig . 9 a . Linear regression analysis performed on the individual
samples resulted in a positive correlation of0 .99, with 1 .0 being the most posi-
tive correlation possible . The amount of p11ß present was measured by den-
sitometric scanning of Fig . 9 a to provide a measure of nonspecific protein
removal .

distinctly different tryptic patterns, but that p62 may share
some partial homology with p5ß. Again, if there are com-
mon epitopes between p62 and p5ß, our polyclonal antisera
do not recognize such epitopes, as the antisera are specific
for their respective proteins on Western blots . Together these
observations support the conclusion that p62, p5ß, and p54
are structurally distinct proteins . With respect to function,
the association of the three proteins with one another in the
nuclear pore suggests that they act together during a common
step in nuclear transport .

Initially the possibility existed that the rat pore protein
complex was artificially formed during detergent extraction
of rat liver nuclei or, alternately, during immunoprecipi-
tation . However, treatment of the complex with 2 M salt or
2 M urea did not disassemble the complex, arguing against a
random aggregate and indicating that the proteins are tightly
and specifically associated with one another. The complex
is not induced by immunoprecipitation, since an identical
complex was observed with gel filtration . In a separate gel
filtration study, we found that there is also a 600-kD complex
containing three similarly sized WGA-binding pore proteins
present in soluble form in Xenopus eggs (Meier, E ., and D.
Forbes, in preparation) . Because neither detergent extrac-
tion nor immunoprecipitation was carried out on the Xeno-
pus complex, it is likely that this complex is analogous to the
rat complex and represents the mitotic state of p62, p5ß, and
p54 in Xenopus eggs. Thus, there is evidence that the com-
plex exists not only within the pore itself, but is maintained
in a stable state after the pore is disassembled at mitosis . The
complex then appears to represent a fundamental unit of nu-
clear pore structure . It should be noted that a completely
different complex of Xenopus proteins of 254 kD has been
observed by Dabauvalle et al . (1990), which they find neces-
sary for nuclear pore formation ; a somewhat multispecific
antibody that removes this complex and other proteins from
a crude nuclear reconstitution extract results in defective
nuclei . We do not know how this complex relates to the
larger ones that we observe .

In studies that were directed at observing the rate of incor-
poration of newly synthesized p62 into nuclear pores, Davis
and Blobel (1986) found that in tissue culture cells p62 exists
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as a monomer for up to 12 h after synthesis . This evidence
suggests that assembly of the complex does not occur im-
mediately after synthesis, but may take place only at the time
ofpore formation (S phase) . Alternatively, p62 may be made
in large excess relative to the amount ofp54 and p5ß synthe-
sized in the tissue culture cells used in their study. Clearly
it will be of interest to determine when and in what manner
newly synthesized pore proteins initially become incorpo-
rated into the stable complex that we observe .

Ifpresent in only one copy per pore, the 550-600 kD com-
plex would represent 0.5% of the pore protein (6 x 105
D/1.2 x 10 8 D) . Snow et al . (1987), however, have esti-
mated that each pore contains eight copies of p62 . Based on
this observation, if all p62 is part of a complex, and if there
are four copies of p62 per complex, then there would be two
such complexes per pore . Alternatively, given the eightfold
symmetry of each half of the pore, one might expect there
to be either 8 or 16 complexes per pore . It is possible that
this complex represents a significant fraction of the mass of
an intact pore ; careful measurements will be required to as-
sess this possibility. It will also be interesting to ask in future
experiments whether, when the complex is depleted, addi-
tional pore proteins fail to assemble onto the pore .

In our gel filtration studies, we observed that other mem-
bers of the glycoprotein family migrate at equally large but
distinct molecular weights, indicating theirpresence in other
complexes . Such proteins are present in much lesser amounts
in our isolated rat mixture, but this may be due to their poor
extractability from the pore with the mild detergent Mega 10
during purification . The presence of additional complexes
suggests that the pore is assembled from a group of modular
parts . Indeed, the complexes seen here combined may repre-
sent a substantial fraction of the total pore mass (10-20%) .
By immunodepletion, we find a direct correlation between

the amount of the p62-p5ß-p54 complex present and the rate
ofnuclear import . This correlation indicates that the amount
ofcomplex that a given nucleus is able to incorporate during
formation is directly related to its ability to transport . One
possibility is that each pore requires a given number of such
complexes in order to be "on ." The observed transport rate
difference would then be due to the total number of "on"
pores present . It is equally possible that a single complex al-
lows a pore to be "on; but that the more complexes that are
present, the faster the rate of transport for that particular
pore . Currently it is not possible to distinguish between the
two models, but the complex appears essential for nuclear
import .

Interestingly, Akey and Goldfarb (1989) have found that
when WGA-gold is added to isolated nuclear envelopes it
binds to the central granule ofthe pore, a region which they
have termed the "transporter" The central granule or trans-
porter has been estimated to have a mass of 12,000,000 D
(Reichelt et al ., 1990) and has been further hypothesized to
consist of 16 arms, arranged in two irises ofeight arms each
(Akey, 1990) . If this model is correct, each arm would be
calculated to be 750 kD in mass (1.2 X 107 kD/16), a value
not inconsistent with the size ofthe 600-kD complex we ob-
serve . One might hypothesize then that the p62-58-54 com-
plex we observe represents all or part of such an arm. Immu-
noelectron microscopy with p62-specific antisera such as
described here will be required to test this possibility.

In summary, we have used specific polyclonal antisera, in

Antisera used for
immunodepletion

% p118
present

% Complex
remaining % Transport

None 100 100 100
Anti-p62 81 21 25
Anti-p58 70 68 61
Anti-p54 82 37 37
Nonspecific

antisera 77 76 74



conjunction with a depletion-reconstitution system, to dem-
onstrate the necessity of the p62-p58-p54 pore proteins to
nuclear import . We have shown that the proteins exist in a
protein complex in rat nuclear pores . Identification of such
a complex is of interest for three reasons . First, it defines
proteins that must closely interact with one another within
the pore ; with such knowledge the hierarchy of interactions
which create the structure of the pore can be derived . Sec-
ond, such complexes, when found in mitotic systems such as
the Xenopus egg, can be used to define the way in which the
pore is disassembled and reassembled each cell cycle . Third,
it may now be possible to ask more specifically what role the
complex plays during specific stages of nuclear transport .
For example, are these proteins necessary for the initial
binding step ofa nuclear protein to the pore or only for trans-
location? With the recent discovery of potential signal se-
quence receptor proteins, it will also be of interest to explore
the relationship of the complex to these receptors .
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