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Abstract The N-terminus of the yeast transcriptional activator
GALA4 contains partially overlapping nuclear targeting and DNA
binding functions. We have previously shown that GAL4 is
recognised with high affinity by importin  and not by the
conventional nuclear localisation sequence binding importin o
subunit of the importin o/f heterodimer. The present study uses
ELISA-based binding and electrophoretic mobility shift assays to
show that recognition of GAL4 by importin o can occur, but only
when GAL4 is bound to its specific DNA recognition sequence.
Intriguingly, binding by importin o enhances DNA binding on the
part of GAL4, implying a synergistic co-operation between these
two functions. The results implicate a possible role for importin o
in the nucleus additional to its established role in nuclear
transport, as well as having implications for the use of GAL4 as a
DNA carrier in gene therapy applications.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The 881 amino acid transcription factor GAL4 regulates
galactose catabolism in Saccharomyces cerevisiae in concert
with GALS80 [1]. GAL4 contains several functional domains
including two transcriptional activating domains encompass-
ing amino acids 149-238 and 768-881 [2,3], a central region
comprising inhibitory and glucose response domains [4] and a
zinc requiring DNA binding domain at the amino terminus
[5-7]. In particular, the amino-terminal 147 amino acids of
GAL4 bind specifically to a pseudo palindromic 17 bp
(CGGN/{;CCQG) nucleotide consensus recognition sequence
[8.,9]. Significantly, the amino-terminal 74 amino acids of the
DNA binding region have nuclear targeting activity, being
sufficient to localise the large heterologous [B-galactosidase
protein in the nucleus [10].

GALA4's ability to be targeted to the nucleus and to bind to
a specific DNA sequence makes it a promising candidate as a
gene delivery vehicle [11-14]. We have previously shown, how-
ever, that the nuclear targeting and DNA binding activities
are mutually exclusive [14]. Intriguingly, we found that GAL4
was found to be recognised directly by importin Bl rather
than the conventional nuclear localisation sequence (NLS)
binding importin o subunit. This implied that nuclear import
of GAL4 was unlikely to be mediated through the conven-
tional nuclear import pathway, the first step of which involves
the recognition of the NLS-containing protein by the importin
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o/f heterodimer [15], mediated by binding of importin o to
the NLS directly. Importin B does not normally interact with
conventional NLS-containing proteins directly, but can bind
importin o and dock the importin-transport substrate com-
plex to the nuclear pore. Subsequent energy-dependent trans-
location into the nucleus requires the GTP binding protein
Ran in its GDP form [16,17] and NTF2 [18]. Nuclear target-
ing of GAL4 was thus concluded to be through a novel im-
portin B-mediated pathway, with release within the nucleus
possibly assisted by DNA binding triggering GAL4 release
from importin B at the nuclear pore [14].

In the present study, we show that GAL4 can be recognised
by importin o, but only when GAL4 is bound to its specific
DNA recognition sequence. We also show that importin o
itself enhances GAL4-DNA binding, suggesting a synergistic
relationship between GAL4-DNA binding and importin o
recognition. The results suggest that importin oo may have a
role in the nucleus additional to that in mediating conven-
tional NLS-dependent nuclear protein import. They also
have implications for the use of GAL4 as a DNA carrier in
gene therapy applications.

2. Materials and methods

2.1. Expression and purification of HisGAL4(1-147)

The induction of the hexahistidine tagged fusion protein His-
GAL4(1-147) containing the N-terminal 1-147 amino acids of
GAL4 protein in Escherichia coli using isopropylthio-B-p-galactoside
and protein purification using nickel affinity chromatography were
carried out as described [14,19].

2.2. Expression of importin o and B fusion proteins

Expression and purification of mouse (m) and yeast (y) importin
(IMP) a and B glutathione-S-transferase (GST) fusion proteins were
performed as described previously [20,21]. GST free importin o was
prepared by thrombin cleavage as described [20-23].

2.3. ELISA-based binding assay

The recognition and binding affinity of GAL4 by importin o and B
when bound and not bound to its specific DNA recognition sequence
was assessed using an ELISA-based assay [14,20]. Briefly, 96-well
microtitre plates were coated with HisGAL4(1-147), with and without
preincubation with DNA, and hybridised with increasing concentra-
tions of importins. Detection was carried out using goat anti-GST
primary antibody and alkaline phosphatase-coupled rabbit anti-goat
secondary antibodies and p-nitro-phenyl phosphate (p-NPP) as the
substrate. Absorbance was measured over 90 min with a plate reader
(Molecular Devices) with correction by subtracting absorbance at
0 min and in wells incubated without importin. As a control, the
conventional importin o/B-recognised NLS-containing peptide P101,
comprising SV40 large tumour antigen (T-ag) amino acids 111-132
[24,25], was used.

2.4. Preparation and purification of oligonucleotides

The 44 bp oligonucleotide 5'-GATCGGAAGACTCTCCTCC-
GAGCGCTCGGAAGACTCTCCTCCGC-3" with tandem repeats
of the 17-mer that is recognised specifically by GAL4 DNA binding
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Fig. 1. Specific DNA binding enhances recognition of HisGAL4(1-147) by yeast importin o (left panel) but diminishes recognition by importin
B (right panel) as shown by an ELISA binding assay. Microtitre plates were coated with 0.5 pg per well of HisGAL4(1-47) preincubated with-
out or with oligonucleotides 17m or SOS as indicated and hybridised (triplicates) with increasing concentrations of yeast importins as described
in Section 2. Curves were fitted for the function B(x)= Bmax (1—e ™) where x is the concentration of importin. Results for binding by importin
o-GST to DNA-bound HisGAL4(1-147) were compared to those for importin B-GST and importin a-GST. The Kys, which represent the con-
centration of importin yielding half maximal binding, are indicated, where correlation coefficients for the curve fits were not less than 0.98.
Pooled data are presented in Table 1. ND, not able to be determined due to low importin binding.

domain and a 46 bp oligonucleotide 5'-GATCTGCTGTATATATA-
TACAGCGCTACTGTATATACACCCAGGGC-3" which contains
the tandem repeat sequences recognised by the DNA binding protein
lexA were annealed to their respective complementary oligonucleo-
tides to yield 17m and SOS respectively. They were purified using
polyacrylamide gel electrophoresis followed by electro-elution and
ethanol precipitation [14].

2.5. Electrophoretic mobility gel shift assay

Purified double stranded oligonucleotides 17m and SOS (see above)
were labelled with [{*>P]JATP using T4 polynucleotide kinase and un-
incorporated radionucleotide removed using a Sepharose Nick spin
column. 0.2 ng of the radiolabelled oligomer in binding buffer BB1
(10 uM ZnCl,, 25 mM HEPES-KOH pH 7.9, 4 mM MgCl,, 7% v/v
glycerol, 2 nM DTT, 1 mg/ml BSA, 80 mM KCl) was incubated with
0.12 pmol of HisGAL4(1-147) in the absence or presence of increas-
ing amounts of importin o or B or o/ at room temperature for 20
min. Samples were loaded onto a 5% polyacrylamide gel and electro-
phoresis performed in 0.5X Tris-borate buffer-EDTA (25 mM Tris, 25
mM boric acid, 0.5 mM EDTA, 1| mM MgCl,). The dried gel was
exposed to radiographic film (Eastman Kodak) or quantitation by
phosphorimaging (Molecular Dynamics) as described [14].

3. Results

3.1. Enhancement of importin o recognition of GAL4 by DNA
binding

An ELISA based binding assay was used to analyse the
binding affinities of importin o and B for HisGAL4(1-147)
with or without preincubation with either 17m, which con-
tains specific binding sites for GAL4, or the unrelated SOS
oligonucleotide which lacks a GAL4 binding site. Results in-
dicated that, as previously [14], HisGAL4(1-147) was recog-
nised with high affinity (an apparent dissociation constant
(Kg) of 19.5 nM) by yeast importin § (yIMP), but not by
yeast importin o (YIMPa, Fig. 1). Significantly, incubation of
HisGAL4(1-147) with 17m at a molar ratio of 1:1 increased
binding by yIMPa about three-fold, the Ky being significantly
increased to 57.3 nM (see Fig. 1, left panel; Table 1). This
enhancement of yIMPa recognition of HisGAL4(1-147) in
the presence of 17m was not observed when HisGAL4(1-

147) was incubated with SOS, indicating that enhancement
was due to specific DNA binding. DNA binding thus ap-
peared concomitantly to reduce recognition by IMPP and in-
crease recognition by IMPa. Despite the enhancement of rec-
ognition by yIMPoa of HisGAL4(1-147) when bound
specifically to DNA, the affinity of the interaction was still
weaker than that of GAL4 with yIMP in the absence of
DNA (compare left and right panels of Fig. 1; see Table 1).

As a control for both the ELISA assay, and the effect of the
presence of DNA on importin binding, a peptide comprising
the conventional NLS of SV40 large tumour antigen (T-ag)
was assessed in the presence or absence of 17m, results indi-
cating a Ky for recognition by IMPo/p of 9.0+ 1.0 nM (n=2),
in either the presence or absence of 17m; binding of the T-ag
peptide by IMPJ was negligible (data not shown), as observed
previously [24-26].

Table 1
HisGAL4(1-147) binding by importin subunits

HisGAL4(1-147) binding parameters®

Protein Condition® Buax (%) K4 (nM) n
IMPo.  —DNA 8.71£0.6 LB* 3
+17m 40.5+£0.9 522+£3.5 4
+SOS 10.8+0.7 LB* 4
IMP3 —DNA 100 19.8+1.7 6
+17m 13.6+1.3 LB* 3
+SOS 98.1+04 20.1x1.4 3

Results are for the mean = S.E.M. for n separate determinations for
maximal binding (expressed as a percentage of the binding of
yIMPb-GST) and the apparent dissociation constant (Kyq) as indi-
cated; LB*, low binding Ky, not able to be determined.
*Measurements were made using yeast GST-fusion proteins and an
ELISA-based binding assay as described in Section 2 [14,20]
"Determinations performed in the absence or presence of the indi-
cated oligomer at a ratio of 1:1.
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3.2. IMPo-mediated enhancement of GAL4-DNA binding

To examine the effect of importins on specific DNA binding
by HisGAL4(1-147), mouse importins o or B (mIMPa and
mIMPp) or the yeast correlates were added to HisGAL4(1-
147) and incubated together with y*?P-labelled 17m for 20 min
at room temperature before loading onto a native 5% poly-
acrylamide gel. As previously [14], specific DNA binding was
competed by mIMPp and yIMPP (lanes 3 and 4, Fig. 2A,B),
and there was no evidence of supershifting of the GAL4-17m
band, indicating that binding of IMPB to DNA-bound GAL4
was negligible. In contrast, a supershift (lanes 5-8, Fig. 2B) of
the GAL4-17m band was observed when IMPo was added,
clearly indicating that IMPa is able to bind to DNA-bound

+
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Fig. 2. Effect on HisGAL4(1-147)-DNA binding of importins as shown by electrophoretic mobility shift assays. A: NLS binding proteins or
GST (720 pmol) were incubated as described in Section 2 with 1 pmol of HisGAL4(1-147) per lane except in lane 3 (360 pmol of yIMPj-
GST). B: Increasing amounts of importin (360 and 720 pmol) were incubated with 1 pmol of HisGAL4(1-147) per lane. The supershifted band
due to importin o binding is indicated. C: The gel shown in Fig. 2B was exposed onto a phosphoimager and quantitated as previously [14].
Results are expressed as the percentage of the total amount of radiolabelled 17m bound to HisGAL4(1-147). Results were typical of a series of
three similar experiments.

+ mIMPo (720 pmol)

GALA4. Coincubation with IMPB (lanes 6 and 9 of Fig. 2A)
abolished the IMPo-mediated supershift, indicating the dom-
inant effect of IMPP, consistent with its higher affinity for
GAL4 compared to that of importin o (Fig. 1 and Table 1).

Significantly, the gel mobility shift experiments also indi-
cated that IMPa specifically enhanced DNA binding by His-
GAL4(1-147). In particular, the amount of specifically bound
DNA appeared to be greater in the presence of IMPo com-
pared to in its absence, as indicated by the clear reduction in
the levels of unbound (free) DNA (compare lane 2 of Fig.
2A,B, with lanes 5 and 8, and 5-8 in Fig. 2A,B, respectively).
Quantitation of the relative band intensities, performed using
phosphoimaging, revealed an up to 2.5-fold enhancement of
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HisGAL4(1-147)-17m binding in the presence of either mouse
or yeast IMPo, compared to that in its absence (Fig. 2C). This
was in contrast to the results in the presence of IMPB His-
GAL4(1-147) where DNA binding was markedly diminished
and in some cases abolished (Fig. 2C). Thus, not only did
DNA binding on the part of GAL4 enable it to be recognised
with high affinity by IMPo, but binding by IMPa was able to
increase specific DNA binding activity on the part of GALA4.

4. Discussion

The results here show that GAL4 can be recognised with
high affinity by importin o but only when specifically bound
to DNA. In addition, GAL4-DNA binding appears to be
enhanced by importin o binding, implying a co-operative ef-
fect between the two. We have previously shown [14] that high
affinity importin B binding to GAL4 is incompatible with
specific DNA binding and vice versa, and hypothesised that
this may be due either to direct masking effects, or to con-
formational changes induced by DNA binding which prevent
GALA4 recognition by importin B. The present study indicates
that DNA binding by GAL4 enables recognition by importin
o which does not normally bind to GAL4 in the absence of
specific DNA binding, implying that analogous unmasking
effects or conformational changes must occur with respect
to the importin o binding site. Thus, whereas importin § bind-
ing must mask the GAL4 DNA binding domain either di-
rectly or through the induction of conformational changes
[14], the same changes clearly facilitate importin o binding.
Our previous work [14] implied that nuclear transport of
GALA4 involves recognition and docking to the nuclear pore
complex by importin B in the absence of importin o, with the
conventional NLS-mediated nuclear import pathway, where
importin B remains bound to the nuclear pore and importin
o enters the nucleus bound to the NLS-containing protein,
clearly not in operation. Based on the observation here that
importin o can recognise GAL4 in its DNA-bound form, an
intriguing possibility is that, following transport through the
nuclear pore, DNA binding could play an important role in
triggering release of GAL4 from the B-subunit and into the
nucleoplasm, with importin o facilitating this whole process.
Whether, subsequent to nuclear import, importin o enhance-
ment of GAL-DNA binding in the nucleus has a physiological
role is unclear, but an intriguing possibility is that it may have
a role in enhancing the activation of transcription by GAL4 at
specific promoters.

The results here suggest that the suitability of GAL4 as a
non-viral DNA delivery vehicle [11-14] needs to be reas-
sessed; in the cytoplasm, the GAL4-DNA complex will be
recognised poorly by importin B, which seems to be respon-
sible for targeting GAL4 to the nucleus in the absence of
DNA [14], but does appear able to be recognised by importin
o.. Whether displacement of DNA from GAL4 by importin
is dominant over the enhancement of GAL4-DNA binding by
importin o (see Fig. 2A) or vice versa in the context of the
living cell has yet to be ascertained, but the fact that the
concentration of IMPa in the cytosol (6uM) is double that
of IMP [27], implies that enhancement of GAL4-DNA bind-
ing through importin o recognition may indeed occur. This
may in fact represent the basis for the moderate increase in
gene transfer effected by GAL4 observed in our previous
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study [14] and in those of others [11-13]. Results from experi-
ments in which the addition of 17m to fluorescently labelled
GAL4 fusion protein abolished nuclear transport (data not
shown) confirm that GAL4, when bound to its specific
DNA recognition sequence, can no longer be efficiently tar-
geted to the nucleus. Thus, if GAL4 is to be used successfully
as a gene delivery vehicle, an additional functional NLS, such
as that of T-ag, would appear to be required. Experiments to
investigate this possibility are currently underway in this lab-
oratory.
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