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The transport of proteins into the nucleus requires not only the presence of a nuclear transport signal on the
targeted protein but also the signal recognition proteins and the nuclear pore translocation apparatus.
Complicating the search for the signal recognition proteins is the fact that the nuclear transport signals
identified share little obvious homology. In this study, synthetic peptides homologous to the nuclear transport
signals from the simian virus 40 large T antigen, Xenopus oocyte nucleoplasmin, adenovirus E1A, and
Saccharomyces cerevisiae MATa2 proteins were coupled to a UV-photoactivable cross-linker and iodinated for
use in an in vitro cross-linking reaction with cellular lysates. Four proteins, p140, p100, p70, and pSS, which
specifically interacted with the nuclear transport signal peptides were identified. Unique patterns of reactivity
were observed with closely related pairs of nuclear transport signal peptides. Competition experiments with
labeled and unlabeled peptides demonstrated that heterologous signals were able to bind the same protein and
suggested that diverse signals use a common transport pathway. The subcellular distribution of the four
nuclear transport signal-binding proteins suggested that nuclear transport involves both cytoplasmic and
nuclear receptors. The four proteins were not bound by wheat germ agglutinin and were not associated tightly

with the nuclear pore complex.

Specific transport of proteins into the nucleus is an impor-
tant requirement for the integrity of that organelle. Speci-
ficity requires the presence of both a nuclear transport signal
and the cellular proteins that recognize that signal. Many
nuclear transport signals have been defined by mutation and
then by their ability as synthetic peptides (15, 22) or as gene
fusions (4, 9, 16, 20, 25, 27, 28, 33, 35. 37. 40) to direct
nuclear localization of nonnuclear proteins. Unlike transport
into the secretory pathway, nuclear transport allows move-
ment without proteolytic removal of the signal, which per-
mits repetitive transport of the protein. These signals are
characteristically short amino acid sequences with a high
number of basic residues. Variations in the number, the
sequence, and the position of the nuclear transport signals
have been shown to affect the rate of nuclear uptake (5, 10,
22, 23, 36). There is no consensus nuclear transport signal,
which is also the case for transport into the endoplasmic
reticulum. Despite the lack of homology and apparent flex-
ibility between nuclear transport signals, decreased trans-
port efficiency occurs when key amino acids are varied (19,
21, 23). This combination of heterogeneity and stringency in
nuclear transport signal sequences raises the question of
what receptor flexibility and heterogeneity are needed for
signal recognition.

Nuclear transport occurs at nuclear pores, which create
aqueous, octagonal channels in the double-membraned nu-
clear envelope (39). Pores restrict the movement of large
proteins yet allow free diffusion of small proteins and mac-
romolecules. Electron microscopic studies show that gold
particles coated with signal-bearing proteins pass through
the nuclear pores of Xenopus oocytes (10, 13). The descrip-
tion of in vitro nuclear transport systems has helped further
characterize the transport process (18, 26, 29, 31). Wheat
germ agglutinin (WGA) binds nuclear pores (14) and pore
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proteins (6), since many pore proteins have O-linked N-
acetylglucosamine residues (7, 17, 32, 38). The binding of
WGA to nuclear pores is sufficient to inhibit nuclear trans-
port (14), as is an antibody recognizing this O-linked sugar
epitope (12). Recently, two groups studying the energy
requirements of nuclear transport have proposed that nu-
clear transport may be divided into two stages, energy-
independent binding of proteins to the nuclear envelope and
energy-dependent translocation across the nuclear envelope
(30, 31, 34). Although the site of entry is at the pore, the
initial site for signal recognition has not been defined.

This paper describes the use of synthetic peptides homol-
ogous to the nuclear transport signals of the simian virus 40
(SV40) large T antigen, Xenopus oocyte nucleoplasmin,
adenovirus E1A, and Saccharomyces cerevisiae MATa2
proteins for the identification of cellular proteins that bind
these transport signals. With the exception of MATa2 con-
jugates, these same transport peptides functioned as nuclear
transport signals when coupled to nonnuclear carrier pro-
teins and microinjected into the cytoplasm of mammalian
cells (submitted for publication). In vitro cross-linking stud-
ies with UV-activable nuclear transport signal peptides
identified four proteins which specifically bound the nuclear
transport signals with apparent molecular weights of
140,000, 100,000, 70,000, and 55,000. Two of these proteins,
pl100 and p70, were cytoplasmic, while the remaining two
proteins, pl40 and pSS, were associated loosely with the
nucleus. Competition experiments demonstrated that very
different signals were capable of binding the same protein.
The proteins did not bind WGA-agarose and did not remain
tightly associated with the nuclear pore complex.

MATERIALS AND METHODS

Peptides and cross-linker modification. Six nuclear trans-
port peptides and one control peptide were synthesized with
a glycyl-Merrifield resin with a Biosearch 9500 automated
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peptide synthesizer. Purification of peptides by reversed-
phase high-pressure liquid chromatography was followed by
amino acid analysis to verify the composition. Peptides (1.7
pwmol) were reduced with dithiothreitol in 50 mM sodium
phosphate buffer (pH 7) and then separated from dithiothre-
itol by P-2 gel filtration (Bio-Rad Laboratories). Peptide
fractions were detected by A, and pooled. A fivefold molar
excess of the UV cross-linking reagent para-azido-phenacyl-
bromide (APB; Pierce Chemical Co.) at 5 mg/ml in methanol
was added to the reduced peptide pool. The light-sensitive
solution was reacted overnight and then concentrated under
vacuum. After removal of a precipitate, the reaction mixture
was fractionated on another P-2 column. APB-peptide con-
jugates had an approximate A,y/A,;s ratio of 1, while free
APB had an A,e/A-s ratio of 1.75. APB-peptide conjugates
and free peptides were not well resolved by this method.
Ten-nanomole portions of APB-peptide conjugates were
iodinated with 0.5 mCi of Na'**I and chloramine T. lodi-
nated peptides were separated from free iodine by P-2
filtration. Specific activities ranged from 12 x 10 to 45 x 10°
cpm/nmol of peptide.

Cell fractionation. Cultured buffalo rat liver cells. BRL3A
(ATCC CRL-1442), were passaged twice weekly in Ham's
nutrient mixture F-12 (Hazelton) with 5% fetal bovine serum
and gentamicin. The cells were scraped and pelleted into
cold phosphate-buffered saline. After the cells were swelled
in hypotonic buffer (10 mM HEPES [N-2-hydroxyethylpip-
erazine-N'-2-ethanesulfonic acid] [pH 6.2]. 10 mM NacCl. 4
mM MgCl,) for 15 min on ice, they were lysed by 15 strokes
in a Dounce homogenizer. The nuclei were pelleted for 10
min at 200 X g at 4°C. The supernatant containing both the
cytoplasmic and plasma membrane fractions was clarified
further at 3,000 X g at 4°C.

Rat liver nuclei were prepared by the method of Blobel
and Potter (3). One A-g, unit is equal to approximately 3 x
10° nuclei. Nuclei were salt extracted with either 0.15 or 1.0
M NaCl in 50 mM sodium phosphate buffer (pH 7) at 50 U/ml
on ice for 15 min. The suspension was vortexed and spun for
3 min in a cold microcentrifuge, which yielded supernatant
and pellet fractions. Nuclear pore complex-lamina fractions
were prepared by DNase-RNase treatments as previously
described (1. 6, 11). Briefly, rat liver nuclei were treated
twice with DNase-RNase to produce crude nuclear enve-
lopes. Three equivalent samples of nuclear envelopes were
further treated with 2% Triton X-100 or 0.5 M NaCl or both
detergent and salt to produce nuclear pore complex lamina
fractions. Pellets from each step were used for cross-linking
reactions.

In vitro cross-linking. Cross-linking reactions were per-
formed routinely with either cytoplasm from approximately
4.5 x 10° cells or with 1.5 U of rat liver nuclei in 24-well
tissue culture dishes (Corning Glass Works). Samples were
mixed with 1 X 10° to 2 x 10° cpm of iodinated APB peptide
per well in incubation buffer (2 mM HEPES, 40 mM sodium
phosphate (pH 7), 52 mM NaCl. 4 mM MgCl.). In addition to
the iodinated WT-APB peptide for the competition experi-
ments, various amounts (0.2 to 5.0 nmol) of free peptide
were added per well. Reaction mixtures (0.8 or 1.6 ml) were
shaken gently for 1 h at room temperature, diluted with the
same buffer to 2.4 ml, and incubated for an additional 10 min.
To activate the cross-linker, samples were irradiated with
longwave UV light (UVGL-25: UVP. Inc.) for 10 min at a
distance of S cm. Samples were precipitated with 15%
trichloroacetic acid overnight at 4°C and spun for 15 min at
4°C in a cold microcentrifuge. Pellets were washed with
methanol, dried, and suspended in electrophoresis sample
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buffer. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed with 129 acrylamide
gels. Coomassie blue-stained gels were dried for autoradiog-
raphy.

WGA binding. A BRL3A cell lysate (9.0 x 10° cells) was
cross-linked as described above with iodinated WT-APB
peptide and dialyzed for 6 h at 4°C into binding buffer (50
mM Tris hydrochloride [pH 7.5]. 100 mM NaCl, 1% Nonidet
P-40). Rat liver nuclei (20 U) were extracted with 0.15 M
NaCl. cross-linked with iodinated WT-APB peptide. and
dialyzed for 6 h at 4°C into the binding buffer. As a control,
a 75-cm’ flask of BRL3A cells was labeled overnight with
**S-Translabel (ICN Pharmaceuticals Inc.) at 83 wCi/ml of
F-12 medium supplemented with 29 dialyzed fetal bovine
serum and lysed by sonication in binding buffer. All three
extracts were clarified for 10 min at 3.000 X g. and each was
mixed with a 0.05-ml sample of WGA-agarose (Vector
Laboratories. Inc.) overnight at 4°C. Unbound proteins were
removed in the supernatants. The resins were washed with
three times with 1 ml (each) of binding buffer. WGA-bound
proteins were eluted with 0.5 ml of 0.2 M N-acetylglucos-
amine in binding buffer at pH 7.5 and then with 0.5 ml of 0.5
M N-acetylglucosamine in 100 mM glycine buffer at pH 3.0.
Starting lysates, unbound lysates. and N-acetylglucosamine-
eluted proteins were trichloroacetic acid precipitated for
SDS-PAGE and autoradiography.

RESULTS

Synthetic peptides. Six nuclear transport signals and a
negative control sequence were produced as synthetic pep-
tides for use in this study (Table 1). The WT and mutant cT
peptides from amino acid positions 126 to 132 of the SV40
large T antigen differed only at residue 128, where the ¢T
peptide had a neutral asparagine replacing a basic lysine (22).
Initially. four putative nuclear transport signals were identi-
fied in the carboxy-terminal tail of the Xenopus oocyte
nucleoplasmin protein by sequence similarities to the SV40
large T antigen and yeast MATa2 signals (8). Only se-
quences containing the first two putative signal homologies
simultaneously were functional in directing the nuclear
transport of fusion proteins (4, 9). The first portion of this
minimal signal contained a yeast MATa2-like signal at amino
acid positions 155 to 162. Lys-Arg-Pro-Ala-Ala-Thr-Lys-
Lys. The second portion of this minimal signal contained the
SV40 large T-like signal at amino acid positions 167 to 170,
Lys-Lys-Lys-Lys. Two nucleoplasmin peptides, NP1 and
NP2. were produced for this study. The NP2 peptide con-
tained only the SV40-like sequence. while the longer NP1
peptide contained both the MATa2-like and SV40-like se-
quences. The NP1 peptide had one additional amino acid at
either end of the minimal sequence proposed by Dingwall et
al. (9) yet fewer residues at the carboxy terminus of the
sufficient nuclear location signal proposed by Biirglin and De
Robertis (4). The E1A peptide consisted of the five carboxy-
terminal amino acids from the adenovirus E1A transcrip-
tional activator protein (25) and did not resemble either the
SV40-like or the MATa2-like sequence. The M2 peptide
contained the 13 amino-terminal residues from the yeast
transcriptional repressor for mating type switching, MATa2
(16). The negative control peptide. CON, was derived from
the procaryotic DNA polymerase factors 7 and vy and had six
basic residues. three of which were in a single cluster (24).
All peptides had amino-terminal cysteine residues, which
provided the sulthydryl moiety for covalent coupling to the
cross-linker. Additional glycine residues acted as spacers.
and a tyrosine was included for iodination.
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TABLE 1. Synthetic peptides used in in vitro cross-linking reactions

Nuclear transport

Sequence”

signal peptide

Sv40

WT

Cys-Gly-Tyr-Gly-Pro-Lys-Lys-Lys-Arg-Lys-Val-Gly-Gly

cT

Cys-Gly-Tyr-Gly-Pro-Lys-Asn-Lys-Arg-Lys-Val-Gly-Gly

X. laevis

Cys-Gly-Tyr-Gly-Ala-Lys-Lys-Lys-Lys-Leu-Asp-Gly-Gly

Cys-Gly-Tyr-Gly-Lys-Arg-Pro-Ala-Ala-Thr-Lys-Lys-Ala-Gly-Gln-Ala-Lys-Lys-Lys-Lys-Gly-Gly

NP1
NP2

Cys-Gly-Tyr-Gly-Lys-Arg-Pro-Arg-Pro-Gly-Gly

Adenovirus E1A

Cys-Gly-Tyr-Gly-Met-Asn-Lys-Ile-Pro-Ile-Lys-Asp-Leu-Leu-Asn-Pro-Gln-Gly

S. cerevisiae M2

Cys-Gly-Tyr-Gln-Arg-Val-Gln-Gly-Ala-Thr-Lys-Ala-Lys-Lys-Ser-Glu-Pro-Ala-Ala-Ala-Thr-Arg-Ala-Arg-Gly

CON?

“ Sequences homologous to the nuclear transport signals are underlined. Amino-terminal cysteines provided sulfhydryl groups for covalent coupling of peptides to the cross-linker APB. Tyrosines were included

for iodination, and additional glycine residues acted as spacers.

" Negative control peptide.
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FIG. 1. Four signal-binding proteins identified by cross-linking
reactions. In vitro cross-linking reactions with cytoplasm from
BRL3A cells (a) and nuclei from rat liver (b) were performed with
iodinated nuclear transport signals and negative control peptides
modified with the photoactivable cross-linker APB. Panels a and b
are autoradiograms of cross-linking reactions after SDS-PAGE with
the cytoplasm from 4.5 x 10° cells or 1.5 U of rat liver nuclei loaded
per lane, respectively. The sizes of the molecular weight standards
used are indicated between the panels. (P55* is a strongly reacting
nonspecific protein in the cytoplasmic fraction.)

These signal peptides and the negative control peptide
were tested for the ability to induce the nuclear transport of
peptide-carrier protein conjugates when microinjected into
the cytoplasm of mammalian cells (submitted). All of the
signal peptides, except the yeast M2 peptide, were capable
of inducing nuclear transport. The CON peptide failed to
induce nuclear transport.

Identification and localization of nuclear transport signal-
binding proteins. The six nuclear transport peptides and the
negative control peptide were coupled to the UV-photoacti-
vable cross-linker APB and labeled with radioactive iodine.
To identify proteins that recognize the nuclear transport
signals, these modified peptides were incubated in an in vitro
cross-linking reaction with either the cytoplasmic fraction of
the BRL3A rat liver cell line or nuclei isolated from rat liver
tissue. Although nuclei derived from BRL3A cells and rat
liver gave similar patterns in cross-linking reactions, the
intensity of the signal from rat liver nuclei was stronger. The
supernatant fraction from a rat liver tissue homogenate,
which contained both a cytoplasmic fraction and ruptured
nuclei, was contaminated with blood and connective tissue
debris and therefore was not suitable for the cross-linking
reaction. For these reasons, BRL3A cytoplasmic fractions
and isolated rat liver nuclei were used in these studies. The
use of these cellular fractions for identification of several
binding proteins does not imply that these proteins reside
exclusively in these cellular compartments in vivo. The
cross-linking reactions were analyzed by SDS-PAGE and
autoradiography. Four proteins that bound the nuclear trans-
port peptides in comparison with the negative control pep-
tide were identified (Fig. 1). The apparent molecular weights
of these proteins after cross-linking were 140,000, 100,000,
70,000, and 55,000. Two of the proteins, pl00 and p70,
appeared in the cytoplasmic supernatant after Dounce ho-
mogenization (Fig. 1la) and remained soluble even after
ultracentrifugation at 100,000 x g for 1 h. The remaining two
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proteins, pl40 and pSS. were most abundant on nuclei (Fig.
1b).

The transport peptides displayed unique patterns of reac-
tivity with the four proteins. Cytoplasmic protein pl00
reacted strongly with the WT-APB, cT-APB, and NP2-APB
peptides; weakly with the NP1-APB and E1A-APB peptides:
and not at all with the M2-APB and CON-APB peptides.
Cytoplasmic protein p70 reacted strongly with the WT-APB.
cT-APB, NP2-APB. and M2-APB peptides and weakly with
the E1A-APB, NP1-APB, and CON-APB peptides. Since
protein p70 reacted slightly with the CON-APB peptide. the
specificity of this protein for transport signal peptides was
questionable. Nuclear protein pl40 reacted only with the
SV40 large T antigen WT-APB and cT-APB peptides. Nu-
clear protein p5S reacted exclusively with the SV40 large T
antigen WT-APB peptide.

All of the modified transport peptides and the modified
negative control peptide additionally recognized a p55*
protein in the cytoplasmic fraction. This p55* signal was the
only reactivity observed with the iodinated NP1-APB pep-
tide. The reactivity of this p55* protein, however. differed
greatly from that of the p55 protein observed on rat liver
nuclei. Cytoplasmic protein p55*% was bound by all of the
peptides, including the negative control peptide. In contrast.
nuclear protein p55 was bound only by the WT-APB peptide.
The cytoplasmic p55* signal may have been a composite of
two or more closely migrating proteins. one with and one
without specificity for nuclear transport peptides.

Despite the capacity of the long nucleoplasmin peptide to
induce transport in vivo. the iodinated NP1-APB peptide had
very little reactivity with any of the four nuclear transport
signal-binding proteins. Such discrepancies emphasized the
potential biochemical and conformational changes which
might have resulted from the APB modification and chloram-
ine T iodination. To circumvent these difficulties. a more
sensitive competition assay was developed in which only
unmodified, unlabeled peptides were used as competing
ligands.

Competition studies. To demonstrate the specificity of the
interaction between transport peptides and the nuclear trans-
port signal-binding proteins, a competition assay was devel-
oped by using the in vitro cross-linking reaction. The mod-
ified SV40 large T antigen WT-APB peptide was used as the
iodinated ligand, since this reagent was the only one capable
of labeling all four proteins. Unmodified transport and neg-
ative control peptides were used as the unlabeled competi-
tors.

With a 0.15 M NaCl supernatant of isolated nuclei. the
iodinated WT-APB peptide bound proteins p140 and p55 in
the absence of a competitor peptide (Fig. 2). Addition of
unlabeled competitor peptides (0.2 nmol per reaction) de-
creased the labeling of these two proteins. The labeling of
protein p140 was competed for strongly by the WT and cT
peptides, weakly by the E1A peptide. and not at all by the
NP2, M2, and CON peptides. In contrast, labeling of protein
p5S was competed for strongly by the WT, NP2, and E1A
peptides, weakly by the cT peptide. and not at all by the M2
and CON peptides (the NP1 peptide was not included in this
experiment). Labeling of other nonspecific proteins by the
iodinated WT-APB peptide was not reduced by addition of
transport peptides, which further demonstrated the speci-
ficity of the competition reactions. Not only was the binding
of the transport peptides to proteins p140 and p55 specific.
but the binding proteins also displayed different patterns of
reactivity with the transport signals.

These competition studies were expanded to include both
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FIG. 2. Competition by transport peptides for iodinated WT-
APB binding. A competition assay was developed by using the
standard cross-linking reaction with WT-APB as the iodinated
ligand and various unmodified peptides as competitors. Reactions
with a 0.15 M NaCl supernatant of nuclei were analyzed by
SDS-PAGE and autoradiography. Labeling of proteins p140 and p5S
decreased dramatically with the addition of different signal peptides.

cytoplasmic and nuclear fractions and two levels (0.5 and 5.0
nmol per reaction) of competitor peptide (Fig. 3; Table 2).
The labeling of cytoplasmic protein p100 was decreased by
high levels of the WT, ¢T. NP2, and NP1 peptides and by
both high and low levels of the E1A peptide (Fig. 3a). The
M2 and CON peptides failed to compete at either level of
competitor. The labeling of cytoplasmic protein p70 was
decreased by low levels of the NP2, E1A, and M2 peptides
but. surprisingly. not by the WT peptide. However, at high
levels of competitor peptide, all of the transport peptides, as
well as the CON peptide. decreased the labeling of protein
p70. The ability of the CON peptide to compete for the
labeling of protein p70 raised questions concerning the
specificity of this protein for nuclear transport signals.

The labeling of nuclear protein p140 was decreased by
both high and low levels of the WT, ¢T, NP1, and E1A
peptides and by only high levels of the NP2 peptide (Fig. 3b:
Table 2). The M2 and CON peptides failed to reduce the
labeling of protein pl140. The competition reaction with the
high level of the M2 peptide showed a generalized loss of
labeling for all proteins because of a technical problem with
this particular reaction and did not reflect genuine competi-
tion by the peptide. The labeling of nuclear protein pS5 was
decreased by high and low levels of the WT, NP2, and E1A
peptides and by only high levels of the ¢T and NP1 peptides.
Neither the M2 nor the CON peptide competed for the
labeling of protein p55.

A further competition experiment was performed with
cytoplasm to evaluate the specificity of transport peptide
binding to protein p70 (Fig. 4) by using M2-APB as the
iodinated ligand and a subset of unmodified peptides as
competitors (0.2 nmol per reaction). Only the E1A and M2
peptides competed. while the WT and CON peptides did not
decrease the labeling of protein p70. Therefore, at low levels
of competitor peptides. the WT-APB labeling (Fig. 3a) and
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FIG. 3. Distinct competition patterns for each signal-binding
protein. Cross-linking reactions with iodinated WT-APB peptide
using cytoplasm from 4.5 x 10° cells (panel a) and 1.5 U of nuclei
(panel b) were performed with two levels of competitor peptide
(lanes a. 0.5 nmol per reaction: lanes b. 5.0 nmol per reaction). The
intensities of the four signal-binding proteins fluctuated with the
addition of transport peptides but not with addition of the control
peptide (see text for the exception. p70). The effectiveness of
individual signal peptides to compete varied with the signal-binding
protein.

the M2-APB labeling (Fig. 4) of protein p70 were competed
for specifically by the same subset of transport peptides.
Similar results were obtained with ¢cT-APB or E1A-APB as
the iodinated ligand. In all of the experiments, the E1A and
M2 signal peptides were the best competitors for protein
p70.

Lack of WGA binding to signal-binding proteins. Since
WGA inhibits nuclear transport, the WGA-binding poten-

TABLE 2. Competition for ['**I]WT-APB labeling
Competitor Competition”
peptide p100 070 _n o
WT + —+ + + ++
cT + + . +
NP2 + ++ + ++
NPI <+ + ++ +
E1A ++ ++ . iy
M2 - ++ — _
CON — + — _

¢ +. Competition at only high levels of competitor peptide: + +. competi-
tion at both low and high levels of competitor peptide: —. no competition at
either level of competitor peptide.
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FIG. 4. p70 labeling specifically decreased by low levels of
competitor peptide. Cross-linking reactions with iodinated M2-APB
peptide and 0.2 nmol of competitor peptide per reaction were
performed by using cytoplasm from 4.5 x 10° cells. Reactions were
analyzed by SDS-PAGE and autoradiography. E1A and M2 signal
peptides specifically competed for the labeling of protein p70. while
the WT and CON peptides were poor competitors for this iodinated
ligand.

tials of the four signal-binding proteins were examined (Fig.
5). A BRL3A cell lysate containing the p100 and p70 proteins
and a 0.15 M NaCl supernatant from rat liver nuclei contain-
ing the pl140 and pSS proteins were cross-linked with the
iodinated WT-APB peptide and then incubated with WGA-
agarose samples. Bound proteins were eluted with 0.2 M
N-acetylglucosamine (pH 7.5) and then with 0.5 M N-
acetylglucosamine (pH 3.0). The starting material. unbound
proteins, and bound protein eluates were analyzed by SDS-
PAGE and autoradiography (Fig. Sa and b). All of the
signal-binding proteins were detected in the starting extracts
and in the unbound fraction but were absent from the
N-acetylglucosamine eluates. An identical experiment was
performed with [**S|methionine-labeled BRL3A cells to
demonstrate that proteins were eluted from the resin by
N-acetylglucosamine. The 0.2 M N-acetylglucosamine elu-
ate contained numerous **S-labeled proteins that bound the
WGA resin (Fig. 5¢). The profile of the eluted proteins did
not resemble the profile of the starting material. )

Solubilization of nuclear proteins p140 and p55. Salt frac-
tionation of rat liver nuclei determined how tightly the p140
and p55 proteins were associated with nuclei (Fig. 6).
Identical samples of unfractionated nuclei and supernatant
and pellet fractions from either a 0.15 M or a 1.0 M NaCl
extraction were included in cross-linking reactions with
iodinated WT-APB. cT-APB, and CON-APB peptides (Fig.
6. lanes a to ¢, respectively). As before, the p140 protein was
labeled by both the WT-APB and c¢T-APB peptides., while
the pSS5 protein retained its specificity for the WT-APB
peptide. Neither protein was recognized by the CON-APB
peptide. Although the p140 and pSS proteins had remained
associated with rat liver nuclei, even through a 2.3 M
sucrose sedimentation in low-salt buffer during their isola-
tion from tissue, elevation of the buffer to 0.15 M NaCl was
sufficient to remove most of the p140 and only a portion of
the p5S from the nuclei. The remaining portion of pSS on the
nuclei was solubilized by 1.0 M NacCl.
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FIG. 5. Lack of WGA-agarose binding. A BRL3A whole-cell
lysate (a) and a 0.15 M NaCl extract of nuclei (b) were labeled with
iodinated WT-APB peptide and incubated with WGA-agarose. A
BRL3A whole-cell lysate labeled with [**S]methionine was also
incubated with WGA-agarose (c). The WGA-agarose resins were
eluted with N-acetylglucosamine (GIcNAc) at pHs 7.5 and 3.0.
Samples were subjected to SDS-PAGE and autoradiography. All
four signal-binding proteins were found in starting extracts and in
the unbound supernatants but not in the N-acetylglucosamine elu-
ates. In contrast, many [**S]methionine-labeled proteins were eluted
from WGA-agarose under identical conditions (c).

To examine a potential association of the p140 and pSS
proteins with nuclear pores, nuclei were fractionated into the
nuclear pore complex-lamina and then cross-linked with
iodinated WT- and CON-APB peptides (Fig. 7, odd and even
lanes, respectively). The isolation procedure involved two
DNase-RNase extractions to produce nuclear envelopes
(lanes 3 to 6), which were divided into three equal portions
for further extraction with 2% Triton X-100 (lanes 7 and 8).
0.5 M NaCl (lanes 9 and 10), or both 2% Triton X-100 and 0.5
M NaCl (lanes 11 and 12), as outlined in Materials and
Methods. Cross-linking reactions were analyzed by SDS-
PAGE. The Coomassie blue-stained gel demonstrated that
similar levels of protein were present in each fraction (Fig.
7a). The autoradiogram of this gel revealed that both nuclear
proteins p140 and pSS were solubilized by the first DNase-
RNase treatments (Fig. 7b). A low level of pSS reactivity was
apparent on nuclear envelopes and crude pore complexes,
but four times the amount of nuclear equivalents was re-
quired for detection of this reactivity. These results demon-
strated that neither protein p140 nor the bulk of protein p55
behaved as a tightly associated nuclear pore protein.

DISCUSSION

The nuclear transport machinery of the cell has at least
two functions to perform, nuclear transport signal recogni-
tion and protein translocation. Translocation occurs at nu-
clear pores, which are composed of an array of proteins that
regulate the functional size of the channel opening. Signal
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FIG. 6. Salt extraction of nuclear proteins pl40 and pS5S. Rat
liver nuclei (12 U) were treated with either 0.15 or 1.0 M NaCl. and
half of each sample was centrifuged for 3 min at 16,000 x g at 4°C to
produce supernatant (Super.) and pellet fractions. Unfractionated
nuclei and supernatant and pellet fractions were divided into three
identical portions and cross-linked with iodinated peptide WT-APB.
cT-APB. or CON-APB (lanes a, b, and c. respectively). The
reactions were subjected to SDS-PAGE. and the results were
analyzed by autoradiography. Each group of three lanes represents
unfractionated nuclei or the supernatant or the pellet from each salt
extraction. Extraction of nuclei with 0.15 M NaCl was sufficient to
remove protein p140 completely. while 1.0 M NaCl was required to
completely solubilize protein pSS.

Nuciei in
015MNaCl _ Super. Pellet

p55 =

recognition is provided by the nuclear transport receptors,
which are responsible for the specificity of transport and
may or may not reside at the site of translocation. Synthetic
peptides homologous to known nuclear transport signals
from the SV40 large T antigen, Xenopus oocyte nucleoplas-
min. adenovirus E1A. and yeast MATa2 proteins were used
in this study to isolate the transport signal domains from the
backbones of these complex, multifunctional proteins. In
vitro cross-linking reactions with iodinated transport pep-
tides allowed the identification of cellular proteins that
recognized the nuclear transport signals. This study has
defined four such proteins, two of which are cytoplasmic
proteins, pl00 and p70, and two of which are nuclear
proteins, pl40 and p55.

All of the proteins interacted with at least four of the signal
peptides. The transport peptides specifically interacted with
these four proteins by two criteria. (i) Subsets of the iodi-
nated transport peptides bound each of these proteins, but
the negative control peptide did not. (ii) Unmodified trans-
port-active peptides competed for these proteins, but the
negative control peptide did not. The specificity of these
interactions and the fact that a heterogeneous group of
transport signals bound a small set of cellular proteins
present a strong argument that these four proteins are indeed
nuclear transport signal receptors. Protein p70 was the only
signal-binding protein slightly labeled by the iodinated CON-
APB peptide and also competed for by high levels of the
unmodified CON peptide. However, at low levels of com-
petitor peptide, the labeling of protein p70 was not decreased
by the CON peptide with WT-APB, M2-APB, cT-APB, or
E1A-APB as the ligand.

The possibility exists that the nuclear transport signal
peptides bound only a subset of the four proteins yet labeled
all four proteins by the proximity of the APB cross-linking
moiety to a neighboring protein. Two types of evidence
against this possibility arise from the localization and com-
petition data. The localization data demonstrate that three of
four signal-binding proteins bind the APB-modified peptides
directly. The labeling of only one of the signal-binding
proteins by APB-madified peptides in the absence of other
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FIG. 7. Proteins pl140 and p55 did not fractionate not with
nuclear pores. Nuclei were treated twice with DNase-RNase to
produce nuclear envelopes. three identical portions of which were
extracted further with 2% Triton X-100. 0.5 M NaCl. or both Triton
X-100 and NaCl to produce nuclear pore complex-lamina fractions.
The pellet from each step was resuspended and divided in half and
then cross-linked with either iodinated peptide WT-APB or CON-
APB (odd and even lanes, respectively). Samples were subjected to
SDS-PAGE and autoradiography. Panel a shows the Coomassie
blue-stained gel, and panel b shows the autoradiogram of the
fractionation procedure. Lanes: 1 and 2. rat liver nuclei (2 U): 3 and
4, nuclei after the first DNase-RNase treatment (4 U): 5 and 6. crude
nuclear envelopes after the second DNase-RNase treatment (8 U): 7
and 8. 2% Triton X-100-extracted nuclear envelopes equivalent to
the crude nuclear pore complex-lamina (8 U): 9 and 10. 0.5 M
NaCl-extracted nuclear envelopes (16 U): 11 and 12. 2% Triton
X-100- and then 0.5 M NaCl-extracted nuclear envelopes (24.5 U).
Protein p140 and the bulk of protein pSS were solubilized by the first
DNase-RNase treatment. The numbers to the right indicate the sizes
of the molecular weight standards used.
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signal-binding proteins (labeling of pS5 by WT-APB in Fig. 6)
or in the presence of other signal-binding proteins (labeling
of p140 by cT-APB and labeling of p70 by M2-APB in Fig. 1)
demonstrated that the binding was direct. The competition
experiments provide evidence that all four proteins bound
the signal peptides directly (Fig. 2 to 4: Table 2). If only one
protein of a complex of proteins bound the transport pep-
tides directly. then the competition pattern for that protein
should be identical to that of the remaining proteins in the
complex. However. none of the four proteins displayed
identical patterns of competition. which strengthens argu-
ments that all four signal-binding proteins identified bound
the peptides directly. Ultimately. the validity of these argu-
ments must be tested functionally, for example. with the
production of antibodies to these proteins that block nuclear
transport.

Several spatial arrangements may exist for nuclear trans-
port receptors to execute signal recognition. Signal receptors
residing on the nucleus. perhaps at the nuclear pore. may
await the binding of nuclear signal-bearing proteins. Alter-
natively. cytoplasmic signal receptors may act as shuttle
proteins. transferring nuclear signal-bearing proteins to the
translocation apparatus at the nuclear pore complex. Still
another possibility enrolls both cytoplasmic-shuttle proteins
and nuclear receptors. Two of the signal-binding proteins,
pl00 and p70. appear to be soluble and cytoplasmic, while
the remaining two signal-binding proteins. p140 and p55, are
nuclear. The subcellular localization of these signal-binding
proteins is consistent with the last spatial arrangement.
However, since the nuclear and cytoplasmic fractions used
in these cross-linking experiments are from two separate
sources. the subcellular location of the signal-binding pro-
teins is tentative. All four of the proteins may be associated
with the nuclear envelope or even the nuclear pore complex
at some time during the transport process. Immunocyto-
chemical localization with specific antibodies will be re-
quired to confirm their tentative nuclear and cytoplasmic
localizations.

The striking lack of homology between known nuclear
transport signals poses an interesting problem for the recog-
nition machinery of a cell. Three possibilities exist for the
recognition of diverse transport signals. One energy-inef-
ficient possibility involves a separate receptor for individual
nuclear transport signals. Secondly. groups of nuclear trans-
port signals may have separate receptors with limited flexi-
bility in the receptor-binding pocket. Lastly, the various
signals may be recognized by a single receptor with a great
deal of flexibility which conducts the proteins into the
nucleus. The nuclear transport signals used in this study
were a combination of highly divergent sequences and pairs
of closely matching sequences. These groups of signals
identified multiple signal-binding proteins. Three of the four
proteins, p140, p100. and p55. bound five signal peptides but
did not recognize the M2 signal. The remaining protein, p70,
bound three signal peptides. including the M2 signal, com-
pared with the CON peptide (Table 2). Therefore, each
signal does not have a separate receptor and distinct groups
of signals do not have separate receptors. Instead. the
various signals are recognized by receptors with the ability
to see multiple signals. Whether these signals bound one site
or different sites on each receptor is yet to be resolved. The
competition data. however, suggest that if distinct sites
exist. they must be conformationally connected, since dif-
ferent signals compete for binding.

The results of this study are especially intriguing in light of
the ability of these same peptides to induce nuclear transport
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of peptide-carrier protein conjugates in a microinjection
assay (submitted). The ability of the WT, E1A, NP1. and
NP2 peptides at low peptide-carrier protein ratios to induce
transport is consistent with the ability of these peptides to
interact with the four signal-binding proteins. The inability of
CON to induce transport is also consistent with the inability
of this peptide to interact with at least three of the signal-
binding proteins. The ineffectiveness of the ¢T and M2
peptides at low peptide-carrier protein ratios to induce
transport cannot be explained merely as the failure of these
signals to bind any of the signal-binding proteins, since the
cT peptide competed for all of the signal-binding proteins
and M2 competed for the p70 protein (Table 2). In contrast to
the M2 peptide, the ability of the cT peptide at high peptide-
carrier protein ratios to induce transport suggests that the cT
signal defect may reside in a lower affinity of the cT peptide
for the signal-binding proteins, which is in agreement with
the competition data for protein pSS. One explanation for the
failure of the M2 signal to induce transport despite the ability
of the M2 peptide to bind cytoplasmic protein p70 may be the
inability of the nuclear signal-binding proteins of rats (p140
and p55) to recognize the yeast signal.

Since WGA inhibits nuclear transport, the WGA-binding
potentials of the nuclear signal-binding proteins were exam-
ined: however, none of the four proteins bound to WGA-
agarose. Reversal of the procedure, WGA binding and then
cross-linking, did not change this result. On one occasion, a
protein migrating at 140 kilodaltons (kDa) did bind to WGA-
agarose but then failed to react specifically with the iodi-
nated WT-APB peptide (data not shown). The lack of WGA
binding by the four nuclear transport signal-binding proteins
is consistent with the finding of Newmeyer and Forbes (30)
that WGA inhibits only translocation and not signal binding
to the nuclear envelope.

To determine whether the pl140 and pSS proteins were
nuclear pore components, nuclei were fractionated into the
nuclear pore complex-lamina and then cross-linked with
iodinated WT-APB and CON-APB peptides. Both the p140
and p55 proteins fractionated away from the nuclear pore
complex-lamina proteins at the first DNase-RNase treatment
of the procedure (Fig. 7). The ease with which proteins p140
and pSS were salt extracted is consistent with a peripheral
location for these proteins (Fig. 6). Therefore, if any of these
nuclear transport signal-binding proteins reside at the pore.
they must be very loosely associated nuclear pore proteins.

Recently, two groups have identified antibodies to nuclear
proteins which inhibit nuclear transport. A monoclonal
antibody, RL1, which recognizes the O-linked N-acetylglu-
cosamine modification as part of its immunodeterminant
binds directly to the nuclear pore complex and inhibits the
transport of nucleoplasmin, 5SS rRNA, and tRNA (12). By
Western blotting (immunoblotting). RL1 recognizes 210-.
180-, 145-, 100-. 63-, 58-, 54-, and 45-kDa proteins on nuclear
envelopes. A polyclonal immunoglobulin G preparation
against the negatively charged peptide Asp-Asp-Asp-Glu-
Asp also blocks the transport of nucleoplasmin, SV40 large
T antigen-bovine serum albumin, and polyomavirus large T
antigen-bovine serum albumin peptide conjugates (41). Two
nuclear proteins migrating at 69 and 59 kDa were immuno-
blotted, while five additional proteins at 65, 54, 50, 43, and 34
kDa were immunoprecipitated from high-salt, detergent-
treated nuclear envelope extracts with this antibody prepa-
ration. Whether any of the four proteins identified by in vitro
cross-linking reactions belong to the sets of proteins recog-
nized by these antibodies is yet to be determined. Although
both groups have demonstrated inhibition of nuclear trans-
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port, the stage at which the antibodies intervene may well be
translocation and not signal recognition.

During the preparation of this report, Adam et al. (2)
reported the identification of two signal-binding proteins (70
and 60 kDa) by use of SV40 large T antigen peptides for
chemical cross-linking. The binding and fractionation prop-
erties of the 60-kDa protein appear quite similar to those of
protein p55 in this report: however, the properties of the
70-kDa protein appear to be distinct from those of protein
p70 in this report. The use of nuclear transport signals other
than those from the SV40 large T antigen has facilitated the
identification of two additional signal-binding proteins and
has addressed the use of the receptors by heterologous
nuclear transport signals.
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