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Quantitative Analysis of Protein–Protein Interactions
by Native Page/Fluorimaging
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We have developed a new quantitative native PAGE mobility shift assay, which allows for the
measurement of binding affinities for interacting protein pairs, one of which is fluorescently labelled.
We have used it to examine recognition of the Simian virus 40 (SV40) large tumour T-antigen (T-
ag) nuclear localisation sequence (NLS) by members of the importin (Imp) superfamily of nuclear
transport proteins. We demonstrate that the T-ag NLS binds to the Imp α/β heterodimer in NLS-
dependent manner, determining that it binds with eight-fold higher affinity (340 nM), when compared
to Imp α alone, consistent with autoinhibition of Imp αwhen not complexed with Imp β. The mobility
shift assay is able to detect nM binding affinities, making it a sensitive and useful tool to analyse
protein–protein interactions in solution.

KEY WORDS: Protein interactions; polyacrylamide gel electrophoresis; native PAGE mobility shift assay;
importins; SV40 T-ag; nuclear localisation signal.

INTRODUCTION

Quantitative analysis of protein–protein interactions
can be complex and time consuming, usually involving
the immobilisation of one or other of the interacting pro-
tein partners, e.g. in ELISA or biacore based approaches.
We have devised a simple technique for quantifying the
affinity of solution binding of two proteins under native
conditions, one of which is fluorescently labelled, using
native polyacrylamide gel electrophoresis (PAGE).

As applied here, native PAGE relies on the binding
of an unlabelled protein to a fluorescently labelled pro-
tein, thus altering the shape/size of the protein, resulting
in a shift in the mobility of the fluorophore during na-
tive PAGE. Our technique combines this with titration
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of the unlabelled partner, and analysis of the digitised
images obtained to determine the binding affinity of the
interaction. As an example of one of the many applica-
tions of this assay, we present experiments measuring the
binding affinity of proteins from the importin superfamily
(Imp) to the nuclear localisation sequence (NLS) of the
SV40 large tumour T antigen (T-ag) [1–3].

All transport into and out of a cell nucleus occurs
via nuclear pore complexes (NPC) embedded in the nu-
clear envelope [3–5]. Active nuclear import is mediated
by Imps [6,7] and requires the recognition of an NLS
contained within the transport cargo protein [8,9]. In con-
ventional nuclear import pathways, the NLS is recognised
by the Imp α/β heterodimer through the Imp α subunit,
followed by docking at the NPC mediated by the Imp
β subunit [7,10]. Translocation into the nucleoplasm is
followed by the binding of the monomeric guanine nu-
cleotide binding protein Ran, in its GTP bound form, to
Imp β to dissociate the complex [9,11]. Imp β facili-
tates the Imp α-cargo interaction by binding to Imp α and
effecting a conformational change, which releases an au-
toinhibitory domain from the NLS binding site of Imp α,
thereby greatly increasing the affinity of the interaction
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[12]. Importantly, this is also the basis of the cargo re-
lease step in the nucleus, where Imp α dissociates from
the NLS-containing protein as soon as Imp β is released
through RanGTP binding.

As Imps form tight complexes with their transport
cargoes they are ideal for use in this assay [4], which
allows us to test for recognition by different Imps, as well
as to quantify the strength of such interactions. It can also
be applied to monitor the effects of protein modification
on Imp binding.

MATERIALS AND METHODS

The bacterial expression vector encoding GFP T-ag
(102–135), containing the T-ag NLS (PKK128KRKV) was
generated using the GatewayTM cloning technology (Invit-
rogen) essentially according to the manufacturer’s instruc-
tions. Briefly, DNA fragments encoding T-ag (102–135)
or the NLS mutant T-ag (102–135/Thr128), which contains
threonine at position 128, flanked by attB recombination
sites were generated by standard PCR techniques from
templates L27βGAL or d10L27βGAL [13], respectively.
These were recombined into the pDONR201 vector (Invit-
rogen) in a BP recombination reaction, and the resultant
pDONR201-T-ag (102–135) or pDONR201-T-ag (102–
135/Thr128) vectors recombined into pGFP-attC [14], a
vector used to express GFP fusion proteins in bacteria,
in the LR recombination reaction. The integrity of all ex-
pression constructs was verified by DNA sequencing.

GFP T-ag (102–135), GFP T-ag (102–135/Thr128)
and GFP (alone) (expressed from plasmid pTRCA-EGFP
[15]) were then purified from bacteria as hexa-histidine
tagged proteins using nickel affinity chromatography un-
der denaturing conditions, as done earlier [14,15]. The
Imp proteins were purified from bacteria as GST-fusion
proteins under native conditions as described [2,16–18].
A truncated variant of Imp α(Tr-α) [19], that lacks the au-
toinhibitory domain and is therefore able to bind to cargo
with high affinity in the absence of Imp β was also ex-
pressed as a GST fusion protein as described. The Imp α/β
heterodimer was pre-dimerised at 13.6 µM for 15 min at
room temp for binding studies [14].

Native PAGE/Fluorimaging was performed by incu-
bating 2 µM fluorescently labelled protein with increasing
amounts of Imp for 15 min at room temperature in a fi-
nal volume of 25 µl, made up with 1 × PBS (137 mM
NaCl; 6.25 mM Na2HPO4; 2.5 mM NaH2PO4; pH 7.4).
About 15 µl of 40% sucrose was added and the samples
run on pre-cast Tris-Glycine gels (either 8% or 4–20%
gradient gels; Gradipore), under native conditions, in 1 ×
TBE (0.9 M Tris; 1.125 M boric acid; 20 mM EDTA,
pH 7.5) at 80 V for 5 h at 4◦C. Fluorescent bands were

visualised directly using the Wallach Arthur 1422 Multi-
wavelength Fluorimager, using Excitation and Emission
filters of 480/20 and 535/20 respectively, and exposure
times of 1–3 s.

Fluorescent signals were measured by image analysis
of the digitised images, using the ImageJ software (NIH).
The percentage of protein with altered mobility due to
complexation with Imps (shifted protein) in each lane
was determined according to the formula:
(Fluorescence of shifted band − Background fluorescence) × Area of shifted band

(Total fluorescence − Background fluorescence) × Total area

where the total fluorescence represents the mean fluores-
cence in each lane (see Fig. 1(B), box a), the shifted flu-
orescence represents the mean fluorescence of the shifted
band (Fig. 1(B), box b) and the background fluorescence
represents the mean fluorescence of a region outside the
fluorophore containing lanes (Fig. 1(B), box c). The per-
centage unshifted fluorescence was determined using the
same equation, except that the mean fluorescence of the
unshifted band (Fig. 1(B), box d) was substituted for that
of the shifted band. Values were plotted against concen-
tration using the Sigmaplot software and titration curves
were fitted according to the formula y = a(1 − e−bx) or
y = ae−bx for the shifted and unshifted graphs respec-
tively, from which the apparent dissociation constant (Kd)
could be calculated.

RESULTS AND DISCUSSION

The T-ag NLS is known to be recognised with high
affinity by the Imp α/β heterodimer [3,20]. To validate
our assay, the GFP T-ag (102–135) fusion protein was in-
cubated with Tr-α, Imp β and α/β (Fig. 1(A), left panel),
with GFP alone as a control (Fig. 1(A), right panel). As
expected a shift in mobility was observed for GFP T-ag
(102–135) in the presence of Imp α/β, through recogni-
tion of the NLS by the Imp α subunit, demonstrated by
the altered mobility observed with Tr-α. No shift in mo-
bility was seen for GFP with any of the Imps, indicating
that the observed interactions between Imps and GFP T-ag
(102–135) are specific to the NLS.

Titration experiments were performed on GFP T-ag
(102–135) (Fig. 1(B), upper panel) and the NLS mutated
GFP T-ag (102–135/Thr128) derivative (Fig. 1(B), lower
panel), with increasing concentrations of Imp α/β. The
NLS mutant had a significantly decreased affinity for Imp
α/β, requiring higher concentrations of Imps to generate
the same shift in mobility when compared to the wild type
protein. This emphasizes that altered mobility of the T-ag
fusion protein is a direct result of its ability to bind to Imp
α/β with high affinity.
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Fig. 1. NLS dependence of Imp binding to the T-ag NLS as shown by native PAGE/fluorimaging; evidence
for autoinhibition of Imp α (A) 2µM GFP T-ag (102–135) or GFP itself, were incubated either alone or with
10 µM Tr-α, Imp β or Imp α/β as indicated. (B) A 2 µM GFP T-ag (102–135) (upper panel) or GFP T-ag
(102–135/Thr128) (lower panel), were incubated with increasing concentrations of Imp α/β as indicated. The
image analysis approach is illustrated whereby a, b, c and d represent total, total shifted, background and
total unshifted fluorescence respectively; measurements are made from areas such as those outlined by the
white boxes. (C) Results of image analysis of the upper gel from B, used to determine the binding affinity of
GFP T-ag (102–135) to Imp α/β. Analysis was performed as described in materials and methods section and
the binding curves generated were used to calculate the indicated dissociation constants (Kd). (D) Results
of image analysis of the lower gel such in B, performed as in C, to estimate a Kd for binding of GFP T-ag
(102–135/Thr128) to Imp α/β. (E) Results of image analysis of gels such as those in B, performed as in C, to
estimate Kds for binding of GFP T-ag (102–135) to Imp α/β and α.
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Fig. 1. Continued.

Image analysis of the titration experiments was
performed to determine binding affinities of GFP T-
ag (102–135) and its counterpart NLS mutant for Imp
α/β.Consistent with the qualitative assessment, GFP T-ag
(102–135) binding to Imp α/β has a Kd ∼ four-fold lower
than that for GFP T-ag (102–135/Thr128) (Kd = 0.34 µM
vs. 1.33 µM respectively, Fig. 1(C), (D)). Imp α/β bind-
ing was also examined by analysing the unshifted bands,
the results correlating well with those obtained from anal-
ysis of the shifted band (Fig. 1(C)). Utilising both these
approaches, two Kd estimates are obtained from a single
experiment, with highly reproducible results, highlighting
the flexibility and power of this assay.

In identical fashion to the experiments above, na-
tive PAGE/Fluorimaging was performed on GFP T-ag
(102–135) in the presence of increasing concentrations
of Imp α (Fig. 1(E)). Imp α was found to recognise GFP
T-ag (102–135) with high affinity (Kd = 2.4 µM), but
the Kd was eight-fold higher than for the Imp α/β het-
erodimer, confirming that NLS recognition of GFP T-ag
(102–135) by Imp α requires Imp β for optimal binding
affinity. Normally, the Imp β binding domain (IBB) of
Imp α is bound to the NLS binding site, causing autoin-
hibition. Upon binding of the IBB to Imp β, it is released
from the NLS binding site, enabling high affinity interac-
tion to occur [12], reflected in the eight-fold difference in
binding affinity.

As demonstrated, this assay enables quick and
efficient quantitation of the binding affinities for protein–
protein interactions. The assay is a solution binding assay
performed under native conditions, where neither protein
is immobilised during the binding procedure, meaning
that the proteins remain in their native conformation.

A similar gel mobility shift assay has been previously
described [21]. This assay failed, however, to take into
account background fluorescence, did not quantitate total
fluorescence, and only generated one estimate of Kd. We
have found that the consideration of both background and
total fluorescence is critical for accurate estimation of
binding constants, and as indicated, our assay generates
two accurate Kd estimations (by analysing both shifted
and unshifted protein fractions). Hence, our system has
a number of advantages with respect to the reliability
and reproducibility of the quantitation of the binding
interactions. Most importantly, our assay can examine
the binding of multi-subunit complexes, rather than only
dimerisation [21].

Although it can be performed in standard gels, the as-
say optimally utilises pre-cast poly-acrylamide gels from
Gradipore, which are contained in a transparent cassette.
This means that the gels can be imaged directly in the cas-
sette, minimising handling and exposure to acrylamide,
and maximising the speed with which samples can be
processed. Another significant benefit of this is the abil-
ity to image the gel more than once over time, as the
gel can be run further if required. Other brands of pre-
cast gels that have been trialled in this assay include
those from Invitrogen, where imaging was not pos-
sible through the gel cassette, however. As the assay
can determine the relative differences in binding affini-
ties of proteins it can also be applied to examine post-
translational modifications such as phosphorylation or
acetylation.

CONCLUSION

Native PAGE/fluorimaging can be used to examine
a plethora of protein–protein interactions. The ability
to quantitate the data means that subtle differences in
binding affinities can be easily detected, such as those
which result from protein modifications or mutations.
Two estimates can be determined from the same exper-
iment using the shifted and unshifted portions, making
it a very powerful tool for measuring binding affinities
in terms of reproducibility and flexibility. Due to the
sensitivity of the assay, only µM amounts of protein are
required and the fluorophore utilised can be varied to
suit the desired application. Here we have shown only
GFP-fusion proteins, but we have used the technique
successfully with fluorescein-labelled proteins as well.
In all, the assay represents a highly useful tool for
quick and easy quantitative examination of physiological
interactions in an in vitro setting.
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